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Abstract
Within the Late Cretaceous San Juan thrust system, northwest Washington,
tectonically juxtaposed melange separates the relatively unmetamorphosed, arc-affinity
Fidalgo Complex and the high pressure-low temperature, MORB-affmity Ocean Floor
terrane. Structural analysis. X-ray diffraction, and fault-slip analysis are used to
constrain the relative timing, kinematics, and pressure-temperature conditions of post
fabric ductile and brittle deformation in the Fidalgo Complex, Ocean Floor, and melange.
Structural analysis of the melange, Fidalgo Complex, and Ocean Floor terranes help to
constrain the tectonic development of the structurally highest terranes in the San Juan
thrust system and provide insight into the mechanisms required for uplift of high-pressure
terranes in accretionary wedge settings.
The Fidalgo Complex and Ocean Floor terranes have experienced multiple
episodes of both ductile and brittle deformation. The intensity of ductile deformation is
different in each terrane with ductile deformation characteristic to the Ocean Floor
terrane and not the Fidalgo Complex. Folds of bedding and the regional fabric in the
Ocean Floor are crosscut by a sequence of brittle faults that include reverse faults
followed by extension veins, normal faults, and lastly, strike-slip faults. Kinematic axes
from reverse faults show consistent north-south shortening and subvertical extension.
Normal faults are consistent with subvertical shortening and average north-south
extension. Kinematics of strike-slip faults are scattered and could not be resolved at the
scale of the study area. The timing and kinematics of brittle deformation are found to be
consistent across the Ocean Floor and Fidalgo Complex and with recent studies in the
Lopez Structural Complex and eastern San Juan Islands (Gillaspy, 2005; Lamb, 2000).
However, scattered kinematic directions and inconsistent structures are common to each
stage of faulting in the central San Juan Islands. Stress inversion of strike-slip data is in
agreement with calculated strain axes, but suggests intermixing of structural stages due to
poor controls on crosscutting relations.
Scattered kinematics observed in all stages of brittle faulting and inconsistent
structures in the strike-slip stage are not simply restored or explained by later block
rotations or folding. Examination of the assumptions inherent to the calculation of
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kinematic axes and stress inversions implies that homogeneous stress and independent
slip may not be valid assumptions for fault-slip data in the San Juan Islands.
The preservation of the HP-LT mineral aragonite, identified by X-ray diffraction,
in veins associated with reverse faults and extensional structures constrains deformation
within the Ocean Floor terrane to >20km and ~200°C. Strike-slip faults do not contain
aragonite. Blocks within the melange contain aragonite-bearing structures but are
derived from the Ocean Floor terrane. The Fidalgo Complex lacks veins with FIP-LT
mineralogy. The structures and mineralogy of the Fidalgo Complex and Ocean Floor
terranes and melange indicate that brittle deformation was active at various depths
throughout an accretionary prism. The character of meter-scale brittle deformation,
pressure-temperature conditions, and presence of melange at the Ocean Floor-Fidalgo
Complex terrane boundary are compatible with observations in the Coast Ranges,
California and in western Baja California, Mexico. Therefore, it is possible that similar
mechanisms of uplift, related to oblique subduction and orogen-parallel extension,
affected the Ocean Floor terrane and Fidalgo Complex. The Buck Bay fault and faults
bounding the melange zones are possibly normal faults related to uplift of the Ocean
Floor terrane and its juxtaposition with the Fidalgo Complex.
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I - INTRODUCTION
Exposure of accretionary wedge terranes with complex deformational histories
and high pressure - low temperature (HP-LT) metamorphic minerals are evidence for
tectonic processes related to subduction at convergent margins. Widespread accretion of
terranes along the North American margin during mid-Cretaceous orogeny resulted in the
juxtaposition of exotic terranes with very different structural and metamorphic histories
(e.g. Dickinson, 2004; Saleeby, 1983). The San Juan Islands, located off the coast of
northwest Washington, are composed of a tectonically imbricated assemblage of
Paleozoic and Mesozoic oceanic and island-arc terranes with a controversial accretionary
and post-accretionary deformation history (Brandon et al., 1988) (Figure 1).
Investigation in the central San Juan Islands of two dissimilar accretionary terranes, one
with evidence for HP-LT metamorphism, provides the opportunity to increase the
knowledge of the structural history of the San Juan Islands and to understand the
processes responsible for the uplift of HP-LT terranes.
The interpretation of the processes responsible for the uplift of HP-LT
accretionary wedge terranes and their juxtaposition with much lower-pressure upper
crustal rocks remains a problem common to many tectonic histories of exposed
accretionary wedges (e.g. Jayko et al., 1987; Platt, 1986; Ring and Brandon, 1994;
Wakabayashi and Unruh, 1995). Accretion of wedge terranes is generally accepted to be
through the processes of underplating via large-scale faulting, intrawedge deformation,
and exhumation (Davis, 1996; Platt, 1986). Often the structures responsible for
exhumation or final emplacement are interpreted differently, as is the case for the Coast
Range fault in California (Platt, 1986; Ring and Brandon, 1994), due to the complex
deformational histories recorded within accretionary wedges. Differences in
metamorphic grade exist between the terranes of the central San Juan Islands (Burmester
et al., 2000 , M.C. Blake, 2005, written commun.) but the depth of deformation and
mechanisms of uplift and juxtaposition of these terranes has not been previously
addressed.
The San Juan Islands provide a unique opportunity to investigate the structures
associated with syn- and post-subduction deformation. The accretionary history and

Figure 1: Tectonic map of northwest Washington State and Southwest British Columbia. Study area lies
within the San Juan Islands. WR-Wrangellia; CPC-Coast Plutonic Complex; INT-Intermontane terrane;
SC-FRF-Straight Creek Fraser River fault; NWCS-Northwest Cascades System; SJTS-San Juan Thrust
System; OP-Olympic Pennisula terranes. Black shading; Nanaimo Group. Map modified from Brown et
al. (2005); Brown and Dragovich (2003).
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large-scale structures of the western San Juan Islands have been thoroughly studied and
remain controversial (Bergh, 2002; Brandon et al., 1988; Maekawa and Brown, 1991).
Much less is known about the terranes of the central San Juan Islands. The study area of
interest in this paper is the central San Juan Islands and is defined as the area immediately
east of the Buck Bay fault and northeast of the Lopez Structural Complex (Figure 2).
Burmester (2000) concluded that the central San Juan Islands consist of two terranes, the
ocean floor terrane (OF) and the Fidalgo Complex (FC), previously combined as the
Decatur terrane by Brandon (1988) (Figure 2). Several stages of post-accretion
deformation, some of which took place during HP-LT metamorphism, were recognized in
the OF and FC terranes southwest and east of the central San Juan Islands (Garver,
1988b; Gillaspy, 2005; Lamb, 2000; Schermer et al., 2007). It is not known if the
deformation in the central San Juan Islands is similar to the surrounding areas. Further
data is also required to determine if the OF and FC terranes have a shared deformation
history and the depth at which deformation was active. Across the central and eastern
San Juan Islands, the possibility of structural reorientation was suggested based on the
reactivation of faults, scattered kinematics, folding, and reorientation of magnetic fabrics
(Burmester et al., 2000; Lamb, 2000). The amount and cause of reorientation is not fully
understood. The purpose of studying the central San Juan Islands is to provide a detailed
structural comparison of two terranes, address the possibility of reorientation after
accretion, and develop a kinematic history to further understand the late stages of
deformation in the San Juan Islands.
Structural data were collected to study the kinematics, using the computer
program TectonicsFP (Reiter and Acs, 2004), and relative timing of ductile and brittle
structures within the Ocean Floor and Fidalgo Complex terranes in the central San Juan
Islands. Vein material associated with each structural stage was collected and analyzed
using X-ray diffraction to determine the approximate pressure and temperature conditions
at the time the structures were active. Paleostress analysis using the Multiple Inverse
Method (Yamaji, 2000) was applied to one stage of fault-slip data to constrain the local
stress and strain tensors and determine if stress inversion techniques are appropriate for
areas affected by multiple episodes of deformation and reorientation. The kinematics and
pressure-temperature data are compared between terranes in the central San Juan Islands,
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Figure 2: Terranes and major structures of the SJTS adjacent to the study area. Study
area is boxed. Area of Figure 3 is SE of the Buck Bay fault and includes islands in black
outline. Other terranes and faults shown in grey. Terrane abbreviations: NA-Nanaimo
Group; ES-East Sound; TB-Turtleback; DB-Deadman Bay and Orcas Chert; COConstitution Fm. Islands in study area are abbreviated as follows: Bl: Blakely; Ce:
Center; Cy: Cypress; De: Decatur; Ja: James; Lo: Lopez; Lu: Lummi; Ob: Obstruction;
Or: Orcas; Tr: Trump. Map modified from Brown and Dragovich (2003); Garver
(1988b); Vance (1975).
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and to results from earlier studies in adjacent areas to determine if the structural histories
are consistent across a broad area and to test the hypothesis of structural reorientation.
Structural and pressure-temperature data are used to identify possible mechanisms
responsible for uplift of the HP-LT rocks and their juxtaposition with the low-pressure
rocks.

5

II - GEOLOGIC SETTING
Regional Geology
Located off the coast of northwest Washington, the San Juan Islands are part of
the mid-Cretaceous Cascades orogen that extends from southeast Alaska to southwestern
British Columbia and northwestern Washington (Figure 1). Northwest of the San Juan
Islands, bedrock of Vancouver Island consists of lower Paleozoic to Middle Jurassic
rocks of Wrangellia, part of the larger Insular Superterrane (Jones et al., 1977). To the
north is the Coast Plutonic Complex (CPC) of British Columbia. The CPC is a
Cretaceous magmatic-metamorphic arc that sutured Wrangellia to the northwest-trending
Mesozoic North American margin (Armstrong, 1988). East of the San Juan Islands, the
Cascades Crystalline Core is an assemblage of Mid-Cretaceous to Eocene plutons and
high-grade metamorphic rocks that have been offset from the CPC by Eocene dextral
motion along the Straight Creek - Fraser River fault (Brown, 1987; Tabor et al., 2002).
West of the Straight Creek - Fraser River fault is the Northwest Cascades System
(NWCS), composed of tectonically imbricated Upper Paleozoic to Mesozoic oceanic
sedimentary and volcanic rocks that have been metamorphosed under high-pressure, lowtemperature conditions (Brown, 1987). South of the San Juan Islands, sediments and
basalts in an Eocene and younger subduction complex are exposed on the Olympic
Peninsula (Brandon et al., 1998).
Bedrock of the San Juan Islands is an assemblage of accreted ocean floor and arcrelated sedimentary and igneous rocks ranging in age from lower Paleozoic to Early
Cretaceous. The terranes original bedrock occur in thin. Late Cretaceous thrust nappes in
the San Juan Islands and the related NWCS and compose the San Juan - Cascades Thrust
system (SJTS) (Brandon et al., 1988; Brown, 1987; Brown and Dragovich, 2003) (Figure
2). Most terranes in the SJTS have experienced incipient blueschist-facies
metamorphism and are separated from unmetamorphosed rocks to the north by the Haro
fault (Figure 2). North of the Haro fault, rock units include the Upper Cretaceous
Nanaimo Group; a syntectonic basinal group that formed adjacent to and received detritus
from the SJTS; Mesozoic volcaniclastic rocks of the Haro Formation and Spieden Group,
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and the post-tectonic Eocene Chuckanut Formation, a thick, fluvially deposited
sedimentary sequence (Brandon et al., 1988).

San Juan Islands Geology
In the San Juan Islands, the SJTS is composed of six thrust sheets that dip
shallowly to the southeast and young structurally upwards (Brandon et al., 1988). SEplunging, folds of major terrane bounding thrusts are thought to be Cretaceous or Eocene
in age (Brandon et al., 1988). West of the Buck Bay fault. Paleozoic to early Tertiary
plutonic-volcanic island-arc and ocean-floor rocks of the Turtleback, Deadman Bay, and
Constitution terranes are juxtaposed via the Orcas and Rosario thrusts (Figure 2). To the
immediate west of the study area, the Lopez Structural Complex (ESC) separates the
Constitution Formation from the Decatur terrane (Figure 2). The Lopez Structural
Complex is a 2.5 km-wide fault zone containing slices interpreted to be derived from the
Constitution Formation and/or the Decatur terrane (Brandon et al., 1988). Schermer et al.
(2007) concluded that the ESC consists only of rocks from the Constitution Formation
and the Ocean Floor terrane. The ESC also contains the youngest rocks of the SJTS;
slices of mid-Cretaceous fossiliferous mudstone and early Cretaceous pillow basalts that
are unrelated to the surrounding units (Brandon et al., 1988; Brown et al., 2005). To the
northwest of the study area, the NE-striking Buck Bay fault separates the Constitution
terrane from the Decatur terrane. The Buck Bay fault is alternatively interpreted as a SEdipping thrust (Bergh, 2002; Brandon et al., 1988; McGroder, 1991) or a SE-dipping
normal fault (Brown and Dragovich, 2003; Cowan and Brandon, 1994).

Regional Tectonic Models and Age Constraints
Several tectonic models have been proposed to explain mid-Cretaceous orogeny
in the Pacific Northwest. In the San Juan Islands, most of the kinematic data collected to
support the tectonic models is derived from outcrop and thin-section study of early,
penetrative, structural elements in the Rosario and Lopez thrust zones that are crosscut by
the meter-scale structures that were measured in this study. Disagreement exists over the
kinematics of early folding, the regional cleavage, and the slip direction of the Rosario
and Lopez fault zones. Models include: (1) SW-vergent thrusting and HP-LT
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metamorphism of the SJTS related to orogen-normal contraction during accretion of
Wrangellia to North America (Brandon et al., 1988; Feehan and Brandon, 1999;
McGroder, 1991; Whitney and McGroder, 1989). (2) Northwest-directed orogen-parallel
motion against an already accreted Wrangellia with coeval thrusting and HP-LT
metamorphism (Brown, 1987; Maekawa and Brown, 1991). (3) Orogen-normal, NE-SW
contraction and blueschist-facies metamorphism followed by orogen-parallel strike-slip
motion and northwest vergent thrusting (Bergh, 2002).
Adding to the disagreement of the structural history of the SJTS, relative and
absolute ages of metamorphism and major deformation are not well known. Major
thrusting in the SJTS is constrained between the late Aptian (112-115 Ma) and 84 Ma
(Brandon et al., 1988; Brown et al., 2005). Metamorphism was considered by previous
workers to be syn- to post-thrusting, however, recent work by Brown et al. (2005) yields
a metamorphic age of 124 ± 0.7 Ma suggesting metamorphism precedes major thrusting
in the SJTS.

Study Area Geology
As defined by Brandon et al. (1988), the Decatur terrane consists of the Late
Jurassic Fidalgo ophiolite of Brown (1977) and an overlying ocean floor sedimentary and
volcanic sequence named the Lummi Formation by Vance (1975). Reinterpretation of
the Decatur terrane based on differences in geochemistry, metamorphic grade,
stratigraphy, and structure has divided the Decatur terrane into two terranes, the Fidalgo
Complex (FC) and an unnamed terrane herein referred to as the ocean floor terrane (OF)
(Burmester et al., 2000, M.C. Blake, 2005, written commun.) (Figure 3). Workers in the
eastern San Juan Islands proposed that the FC structurally overlies the OF terrane (Brown
and Dragovich, 2003; Lamb, 2000). The focus of this thesis is to present and analyze
structural data from the OF, FC, and melange located predominantly in the central San
Juan Islands where little earlier research has been conducted, including Blakely, Center,
Cypress, Decatur, James, SE Lopez, central Lummi, Obstruction, SE Orcas, and Trump
Islands (Figure 2).
The ocean floor terreine and Fidalgo Complex are coherent terranes
distinguishable by their lithostratigraphic units and metamorphic history. The Middle to
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Figure 3: Study area (abbreviated island names) showing the units of the OF and FC
terranes. Island abbreviations as in Figure 2. Other symbols as in Figure 2. Map
modified from Brown and Dragovich (2003); Burmester et al. (2000); Garver (1988b);
Vance (1975).
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Upper Jurassic Fidalgo Complex is an arc-related ophiolite sequence that includes
serpentinized ultramafics overlain by arc-related plutonic and volcanic rocks, and arcderived turbidites, chert rich sandstones and conglomerates of the James Island
Formation (Brown et al., 1979; Burmester et ah, 2000; Garver, 1988b). Fidalgo Complex
rocks lack a pervasive penetrative cleavage and HP-LT metamorphic minerals (Brandon
et al., 1988; Burmester et al., 2000). In contrast, much of the OF terrane is foliated,
contains metamorphic aragonite, lawsonite, prehnite, and pumpellyite, and contains
basalts of MORB-affmity (Burmester et al., 2000; Carroll, 1980; Glassley et al., 1976).
Both the Lummi Formation of Vance (1975) and the Obstruction Formation of Garver
(1988b) are included in the OF terrane by Burmester (2000) and are combined and shown
as the clastic unit of the OF in Figure 3. Garver (1988b) interpreted the rocks of the
Lummi Formation on Lummi Island as Upper Jurassic to Lower Cretaceous
volcaniclastic sandstone, metagreywacke, slaty mudstone, and conglomerate that are
interpreted as turbidites in a prograding submarine fan. On the eastern side of Lummi
Island, small sections of pillow basalt and radiolarian chert (greenstone unit) were
interpreted to be thrust over the clastic section of the Lummi Formation (M.C. Blake,
2005, written commun.) (Figure 3). The greenstone unit is shown as a separate unit is
mapped on northernmost Cypress Island, the southern Cone Islands, southern Decatur
and Lopez Island (M.C. Blake, 2005, written commun.) (Figure 3). The Obstruction
Formation, found predominantly on Center and Obstruction Islands, contains middle
Cretaceous turbidites, chert-rich sandstones, and chert-pebble conglomerates in contrast
to the sedimentary rocks of the Lummi Formation. The Obstruction Formation was
originally interpreted to lie depositionally or structurally above the FC (Garver, 1988b).
Garver (1988b) concluded that the Obstruction Formation did not contain metamorphic
aragonite or lawsonite and he suggested the possibility that the Obstruction Formation
has a different origin than the Lummi Formation. The identification of HP-LT minerals
by M.C. Blake (2005, written commun.) led to his reinterpretation of the Obstruction
Formation as part of the OF terrane. The uplift and juxtaposition of the HP-LT OF
terrane with the low-grade FC is an unsolved problem that requires further study.
On Lummi and Cypress Islands, the Fidalgo Complex is separated from the
pillow basalts and clastic sequence of the Lummi Formation by sheared melange zones
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composed of a variety of lithologies including chert, sandstone, greenstone, and
cataclasized basalt (M.C. Blake, 2005, written commun.) (Figure 3). A similar zone of
mixed lithologies is located on the northeastern shore of Blakely Island (M.C. Blake,
2005, written commun.). Lamb (2000) described two similar sheared zones on Guemes
Island as moderately southwest-dipping tectonic melange with an inconclusive fault
sense. Structures associated with the melange zones and their relationship to the OF and
the FC terrane are unknown and will be addressed in this thesis.

Terrane Identification
Detailed petrological and geochemical examination of exposed lithologies in the
field area was not undertaken in this thesis; therefore, terrane identification is largely
based upon previous research as discussed above (Brandon et al., 1988; Burmester et al.,
2000; Garver, 1988b; Vance, 1975, M.C. Blake, 2005, written commun.). Distribution of
the OF and FC terranes and their contacts are based upon the reinterpretation of the
Decatur terrane by Burmester et al. (2000) from field observations, and personal and
written communication with M.C. Blake (2005). Some modifications to earlier mapping
in the central San Juan Islands based on field observation and previous work by M.C.
Blake (2005, written commun.) and Vance (1975) include: (a) The discovery of several
linear zones of melange on Blakely, Cypress, and Lummi Island (Figures’ Al, A3, A7);
and (b) The OF terrane mapped on Trump Island and the east coast of Lopez Island was
modified to reflect discovery of the FC sedimentary unit on southwest Trump Island and
outcroppings of the FC ultramafic and igneous units on southeast Lopez Island (Figures
A6 and All). Unfortunately, most terrane boundaries and lithological contacts are
obscured by water or glacial till making contact relationships difficult to discern.

Structural history of the LSC and Eastern San Juan Islands
Previous research adjacent to the study area documents several deformational
stages in rocks of the OF terrane in the eastern San Juan Islands that are before a later
sequence of meter-scale brittle structures common to the eastern San Juan Islands and the
LSC. Lamb (2000) observed folds of bedding (FI) in the eastern San Juan Islands which
' Figures and Tables located within an Appendix will be labeled A, B, C, or D and identified with a number
(e.g. Figure A4).
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were restricted to rocks in the OF terrane. FI is the most well-developed folding stage in
the eastern San Juan Islands and is isoclinal, NE-vergent, with an axial planar solution
mass transfer cleavage (SMT; SI). Three stages of late, post-cleavage, brittle
deformation in the LSC and the eastern San Juan Islands were found to crosscut early
folding (FI) and fabric (SI) (Gillaspy, 2005; Lamb, 2000). Lamb (2000) identified a
deformation history in the eastern San Juan Islands that consisted of north and northeast
vergent thrusts, normal faults, veins, and strike-slip faults. Gillaspy (2005) found a
similar brittle deformational history in the Lopez Structural Complex except thrusts were
predominately SW-vergent. Aragonite in veins associated with thrusts and extensional
structures in the LSC indicates that the faults formed deep within an accretionary prism;
strike-slip faults only rarely contain aragonite (Gillaspy, 2005; Schermer et ah, 2007).
Lamb (2000) observed SE-plunging F2 and gentle east-west plunging F3 folds and their
associated fabrics and interpreted these folds to be after meter-scale brittle faults. F2 and
F3 folds were only locally observed in the eastern San Juan Islands but were inferred to
be regional in scale (Lamb, 2000). Late, gently SE-plunging regional folds have been
documented in the SJTS and to the east in the Tertiary Chuckanut Formation (Brandon et
ah, 1988; Johnson et ah, 1986). Multiple stages of faults, reactivation of earlier
structures, and post-faulting regional-scale folds suggest the possibility that Cretaceous
structures were reoriented.
Reorientation of structures
Evidence for scattered and reoriented structural orientations was found by
previous authors in the central and eastern San Juan Islands (Gillaspy, 2005; Lamb, 2000;
Schermer et ah, 2007). Burmester et ah (2000) conducted a paleomagnetic study and
suggest that rocks of the San Juan Islands were reoriented after terrane accretion.
Remagnetization is thought to have occurred during the Cretaceous normal superchron;
this period overlaps the age range (115-84 Ma) of terrane accretion and juxtaposition
within the SJTS and remagnetization is thought to be related to major deformation in the
San Juan Islands (Burmester et ah, 2000). Paleomagnetic directions are now scattered
and do not show consistency in orientation within either the OF or FC. The effects of
structural reorientation will be discussed in Section IV.
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Ill - FIELD OBSERVATIONS AND KINEMATIC ANALYSIS
Introduction
The structural geology of two terranes, the Ocean Floor (OF) terrane and the
Fidalgo Complex (FC), was studied to determine the deformational history of each
terrane, how they compare, and to link these histories to previous studies in the Lopez
Structural Complex and the eastern San Juan Islands (Gillaspy, 2005; Lamb, 2000;
Schermer et al, 2007). Although multiple episodes of deformation have affected the OF
and FC terranes, this study focuses on post-cleavage brittle structures that are pervasive
within each terrane. Data from the LSC and eastern San Juan Islands are from earlier
workers (Gillaspy, 2005; Lamb, 2000). Meter-scale faults and veins collected within
each terrane and within several km-scale melange zones are organized based on relative
age and structure type. Strain axes from individual structures in each domain were
calculated to determine the kinematics of each deformational phase. The calculated
kinematic directions can then be used to understand the tectonic evolution and
deformational history of terranes in the San Juan Islands.
Data collected for structural analysis include measurement of early structures,
such as folded bedding and cleavage, and post-cleavage brittle structures. Also included
in the data analysis are bedding and cleavage measurements compiled from previous
research (Garver, 1988b; Gillaspy, 2005; Lamb, 2000; Vance, 1975). Most
measurements taken in the field were of brittle structures and include meter-scale faults
and veins. Structure attitude, slickenline orientation, sense of movement, and cross
cutting relationships were documented at the outcrop and each fault was assigned a
quality rating (1: high reliability, 2: moderate, 3: low). The quality rating is based on
how well the structure was exposed and how well the fault sense and slip direction could
be determined. Slickenline orientations were used to determine slip direction and sense
of motion indicators included offset of layers and structures, slickenside step orientations,
drag folds, and secondary fractures such as Riedel shears (Petit, 1987). Bedding,
cleavage, fault orientation and strain axes are projected on the lower hemisphere of equalarea stereoplots using the computer program TectonicsFP 1.62 (Ortner et al., 2002; Reiter
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and Acs, 2004). Field sites were selected based on terrane affinity, rock type, geographic
location, and proximity to previously mapped terrane boundaries or major structures.
Data were collected from northern Cypress Island (Cy); Blakely (Bl), Center (Ce),
Decatur (De), James (Ja), Obstruction (Ob), and Trump (Tr) Islands; southeastern Lopez
(north of the LSC) and northern Lopez Island (Lo); central Lummi Island (Lu); and the
Obstruction Point, Buck Bay, and Doe Bay regions of SE Orcas Island (Or) (Figure 3 and
Appendix A). Methods of data collection are described further in Appendix B. All data
analyzed in this thesis is included on the enclosed CD as an electronic spreadsheet
(Appendix C - Table C1).

Structural Observations
Relative Ages of Structures
Structural orientations and kinematics are discussed below in interpreted order of
relative age determined in the field using crosscutting relationships. Structures observed
in the central San Juan Islands include folds that modify bedding and cleavage, as well as
several generations of brittle faults and veins. Folds of bedding and cleavage are crosscut
by meter-scale reverse faults, normal faults and extension veins, and strike-slip faults.
Observations of crosscutting relationships are rare within the OF and FC terranes,
however, a consistent sequence of thrust faults, followed by normal faults and veins,
followed by strike-slip faults was interpreted for structures within OF rocks in the LSC
and for structures within OF and FC rocks in the eastern San Juan Islands (Gillaspy,
2005; Lamb, 2000; Schermer et al., 2007). Similar crosscutting relationships were found
in the central San Juan Islands and continuity with the OF and FC terranes to the east and
west is assumed.
FI folds and SMT cleavage are crosscut by later brittle faults in both the OF and
FC terranes and are interpreted to be the earliest structures in the field area (Figure 4).
Outcrop scale folds were only observed in the OF terrane although inclined bedding,
overturned bedding, and local cleavage in the FC are also crosscut by brittle faults. Local
cleavage in the FC could not be associated with outcrop or map scale folds of bedding
and SI is typically subparallel to local bedding so it is unknown whether it is related to
folding or flattening during burial. To test the timing of folding, structural domains were
14

drawn on the limbs and hinge of map-scale folds. Brittle structures will be compared in
each fold domain to determine if they are reoriented by post-faulting regional folds.
The melange zones are interpreted to be post-Fl folds. The melange fabric was
not observed to be folded and the regional SMT cleavage was not observed to be a
continuous, penetrative structure throughout the zones. Melange zones locally contain
foliated rocks of OF origin but were not observed to contain folded rocks. Brittle faults
crosscut the melange matrix but were not observed at the melange boundaries. Melange
zones are not continuous from island to island and suggest that the melange zones were
offset by later faulting (Figure 3).
Brittle structures in the OF terrane are interpreted to show a structural sequence of
1) reverse faults, 2) extension veins, 3) normal faults, 4) strike-slip faults and reactivation
of earlier structures. Reverse and normal faults are observed to crosscut bedding and
cleavage (Figure 5). Normal faults offset extension veins and crosscut reverse faults
(Figures 6 and 7). In outcrop, extension veins at various orientations are mutually
crosscutting and assumed to be approximately coeval. Strike-slip faults crosscut
extensional structures in the OF and FC (Figures 8a, b). Many strike-slip fault surfaces
contain dip-slip and/or oblique slip slickenlines in addition to strike-slip slickenlines
which indicates that some normal and reverse faults have been reactivated (Figure 9a, b).
Strike-slip faults that do not reactivate earlier structures usually contain less vein material
and gouge than normal or reverse faults. Concentrated zones of shear observed
predominantly within the melange and rarely in the FC contain evidence for both reverse
dip-slip faults and strike-slip faults which suggest that these zones may have formed
during the reverse fault stage and were later reactivated during the strike-slip fault stage.
A similar sequence of structures is found in the FC, although less evidence exists
for reverse faults. Crosscutting relationships and similarities in fault geometry and
orientation to OF structures suggest that normal faults and veins preceded strike-slip
faults. In areas where OF and FC structures are in close proximity (e.g. Trump Island),
structures of the same type are similarly oriented, which suggests that they are broadly
coeval (Figure 10).
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Figure 4: A steep reverse fault offsets layering and foliation, Or-F.
Green layer located next to the red pen and the notebook (footwall) is
offset approximately 20 cm. Book is approximately parallel to S1.
Locations in all photos are indicated by island abbreviation (Figure 2)
and location, shown in Appendix A.

Figure 5: Bedding and subparallel foliation in the Obstruction
Formation (OF) is crosscut by a normal fault, Ce-A. Black pencil is
aligned with the foliation trace.
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Figure 6: A large normal fault offsets a shallowly dipping reverse
fault approximately 1 meter in sedimentary rock of the FC, De-D.
Reverse fault in hanging wall is outside frame of photo. Arrows show
relative motion of normal fault. White line is aligned with reverse fault
in footwall. Wooden oar for scale.
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Figure 7: Two normal faults offset an earlier quartz-carbonate
extension vein. Ramp - flat geometry of the N-dipping fault is
common in the Obstruction Formation and may be the result of
competency contrasts between turbidite beds. Ce-A.
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Figure 8: (a) A left-lateral fault offsets an earlier extension vein (at
arrows) by approximately 40 cm, Ce-B. Notebook and compass in
plane of fault, (b) An extension vein, to the right of white lines, is
offset by a series of right-lateral faults, Lo-C. Black pencil is in the
main plane of the fault. Vein is approximately 3 - 4 cm wide.
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Figure 9: Reactivation of structures by strike-slip faulting is evident
within the OF, FC, and melange, (a) Slickensides on this steep fault
plane show evidence for reverse dip-slip motion followed by left-lateral
strike-slip, Ja-C. (b) Dip-slip slicks (in line with pencil) with normal
sense and oblique right-lateral slicks (in line with compass point), CeA.
20
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Figure 10: Comparison of extensional structures from the OF and FC. (a) Normal
faults and poles to extension veins (triangles) from the OF on southern Trump Island,
(b) Normal faults and poles to extension veins (triangles) from the FC on northern
Trump Island. Arrow and dot show direction of hanging wall movement. These and
all subsequent stereoplots are equal area projections on the lower-hemisphere and
unless otherwise stated, plotted using TectonicsFP (Ortner et al., 2002; Reiter and Acs,
2004).

21

Folds and Cleavage
Bedding and cleavage
Folded and inclined bedding (SO) are the earliest structures observed in the OF
and FC terranes. Bedding and sedimentary structures are best preserved in turbidites of
the FC and OF and indicate that bedding is commonly overturned. Exposed folds,
however, are rare and typically difficult to follow in the field as they have been dissected
by faults. Locally, asymmetric outcrop scale folds of bedding (FI) are well-exposed in
the sedimentary units of the OF terrane where they are tight to isoclinal, NW- or SEvergent, and inclined with axial planes that are subparallel to local cleavage (SI) (Figure
11). Outcrop scale folds were not observed in the FC.
Weak to moderately developed cleavage has formed in most lithologies of the OF
terrane but penetrative fabric is only locally observed within argillite in the sedimentary
unit of the FC. Cleavage in the argillaceous units of the FC and the OF is typically well
developed and closely spaced (mm-scale) (Figure 11). Cleavage is weakly developed
and more widely spaced in coarse-grained clastic units and massive igneous rocks of the
OF. SI cleavage is typically subparallel to bedding in the FC and axial planar to FI folds
in the OF terrane.
Several cleavages were identified in related rocks by previous workers (Bergh,
2002; Feehan and Brandon, 1999; Gillaspy, 2005). The dominant fabric throughout the
San Juan Islands is the post-terrane assembly solution mass transfer (SMT) cleavage of
Feehan and Brandon (1999) and probably correlates with the cleavage observed in
coarse-grained sandstone and greywacke units of the OF in the central San Juan Islands.
Lamb (2000) has also identified the SMT cleavage in coarse-grained OF lithologies in the
eastern San Juan Islands. Feehan and Brandon (1999) interpret the SMT cleavage to
have been planar on a regional scale prior to later, regional, SE-plunging folds.
Fold characteristics in the OF and FC
Bedding (SO) and cleavage (SI) attitudes from the study area presented on an island by
island basis in Appendix A also include data from previously published studies (Carroll,
1980; Garver, 1988b; Gillaspy, 2005; Lamb, 2000; Vance, 1975; WADNR, 2003).
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Figure 11: A NW-vergent reclined fold of turbidite beds in the OF
terrane, Ob-B. Arrows show facing direction of bedding. This fold is
exposed for approximately 10 meters at this location. Fold axis is
shallowly plunging to the SW. White line in plane of foliation. Note
well-defined cleavage in argillaceous layers.
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Bedded rocks of the FC are only exposed in the southwest part of the field area, in
contrast to the OF terrane in which layered sedimentary rocks are more continuously
exposed (Figure 3). A synoptic plot of poles to bedding and cleavage shows scattered
bedding orientations, but poles to SI loosely fit along a girdle with a SE-plunging pole
and suggest F2 folding (Figure 12a, b). SI orientations can also be scattered at the smallscale, therefore, to define the nature of F2, domains were created around areas where the
average SI plane defines the limbs and the hinge of a SE-plunging F2 fold (Figure 13).
Domains 1,11, and V define an F2 synform with NE- and SW-dipping limbs and a
shallow, SE-plunging hinge in domain 111 (Figure 13). The change in SI dip from SW in
domain V to NE in domain VI defines a SE-plunging antiform with an interpreted hinge
in the Samish Island area (Lamb, 2000). To allow for comparison with the OF units in
domain I, domain II is defined to include only rocks of the FC on the same limb (Figure
13). Measurements from domains I, III and IV are from the OF terrane in the hinge and
NE limb, respectively. Domain IV encompasses measurements taken in the vicinity (<
0.25 km) of the Buck Bay fault.
FI folds

Isoclinal, outcrop-scale FI folds are observed only within the OF terrane.
Domain I, consists of measurements from the OF only and is characterized by mostly
NE-dipping bedding (Figure 14a). Local measurements of FI fold axes from southern
Trump Island plot loosely near the SO girdle pole and average SI plane, although outliers
exist (Figures 14a, b). Some FI folds observed on SW Trump Island (Domain I) are NEplunging, inclined, and NW-vergent, although other orientations exist (Figure 14c and
Figure AlO). On SE Lopez Island (Domain I), a gently east-plunging map-scale FI
synform is interpreted from SO orientations mapped on Figure 15a and plotted in Figure
15b.
Bedding in domains II, III, and IV is typically folded at the map scale. Inclined
bedding in domain II fits a girdle and suggests a NE-plunging FI fold axis (Figure 16a).
However, outcrop scale folds were not observed in domain II and therefore, it is assumed
that if inclined and overturned beds in the FC are the limbs of folds, the occurrence of
cleavage subparallel to bedding together with the NE-plunging fold axis, would suggest
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Figure 12: Synoptic equal area stereoplots of bedding and SI foliation, (a) Synoptic
bedding is widely scattered in orientation. N = 165 (b) Synoptic plot of poles to SI. SI
crudely fits along a girdle with a SE-trending pole. N = 81. Symbols: solid circleupright bed; open circle - overturned bed; cross - undifferentiated bed; filled triangle SI foliation; filled numbered squares - eigenvectors (eigenvector 1 represent the pole to a
best-fit girdle; eigenvector 3 represents the mean vector (e.g. mean pole to SI)); dotted
great circle - best fit girdle; solid great circle - average plane with eigenvector 3 as the
pole; stars - FI fold axes. The trend and plunge of each eigenvector and its eigenvalue
are shown in the top-right. Great circle fit refers to how well a plane through
eigenvectors 2 and 3 fit the data.
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Figure 13: Study area showing fold domains and average foliation. Other symbols as in
Figures 2 and 3. Geology modified from Brown and Dragovich (2003); Burmester et al.
(2000); Garver (1988b); and Vance (1975). Foliation measurements in the LSC and
eastern San Juan Islands from Carroll (1980); Gillaspy (2005), Lamb (2000).
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Figure 14: Equal area stereoplots of SO, SI, and FI folds in domain I. (a) Domain I
(OF): Bedding (SO, N = 59) and FI fold axes (N = 6). Most poles of SO eluster in the
SW quadrant with a NE-dipping average plane. FI axes are scattered but some plot
near the pole (eigenvector 1) to the best-fit girdle, (b) Domain I: Poles to foliation
(S1, N = 12) are spread along a girdle with a SE-trending pole, (c) Domain I (S and
SW Trump Island) FI axial planes and fold axes. Numbers indicate corresponding FA
and AP. Symbols as in Figure 12.
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(a)

Figure 15: Map detail and equal area stereoplot of SO from SE Lopez Island, (a)
Detail of SE Lopez Island showing map-scale FI folding. See Figure A6 for location
of detail, (b) Stereoplot of SO from domain I - SE Lopez Island, (N = 5). Symbols as
in Figure 12.
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Figure 16: Equal area stereoplots of SO and SI in domain II. (a) Domain II (FC):
Poles to SO are spread about a girdle with a NE-trending pole. N = 53. (b) Domain II
SI poles cluster in the SW-quadrant. N = 10. Symbols as in Figure 12.
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that the FI fold is isoclinal and reclined. Bedding on Obstruction Island and SE Orcas
Island (Domain III) mostly dip shallowly to the SE with FI fold axes that are spread
along the average SO plane (Figure 17a). FI folds observed on Obstruction Island and SE
Orcas Island are isoclinal and typically recumbent (Figures 11 and 17c, d). SW-plunging
folds on the west shore of Obstruction Island are observed to be northwest- and
southeast-vergent. In the vicinity of the Buck Bay fault (Domain IV), centimeter-scale
folds of layering are gently inclined, tight to isoclinal, with fold axes that typically plunge
NE and SW, sub-parallel to the strike of the Buck Bay fault; these folds verge NW and
SE perpendicular to the Buck Bay fault (Figures 18a and A9).
Bedding attitudes and the stratigraphy of the FC suggest that FI folds may have
formed in the FC before juxtaposition with the OF. Poles to SO, shown in Figure 16a,
from the FC (Domain II) suggest NE-plunging FI folding. However, scatter of mapped
bedding attitudes in the Decatur Island area suggests more complex deformation (Figure
A4). Cleavage in the FC is observed predominantly in the James Island area and dips
consistently to the NE (Figure 16b). As mentioned above, it could not be determined if
the cleavage in the FC is the result of FI folding or flattening during burial. On a larger
scale, the current exposure of the FC stratigraphy is (from stratigraphically lowest to
highest): 1) the ultramafic lithology, on Cypress Island; 2) the igneous unit on Blakely
and Guemes Islands; and 3) the sedimentary James Island Formation on Decatur, James,
and Fidalgo Islands. This stratigraphy suggests that the FC is folded into an
approximately SSE-plunging anticline (Figure 13).
F2 folds

Variable SI attitudes in domains I - IV suggest that the regional SMT cleavage
was folded. In domain I, SI cleavage mostly dips to the NE but poles to SI are spread
about a girdle with a SE-plunging pole which suggests possible F2 parasitic folds or the
begirming of the antiform southwest of the synform defined by domains I and III (Figure
14b). Cleavage in domain II, plotted in Figure 16b, is consistently NE-dipping. SI
cleavage in domain III shows a range of orientations but mostly dips shallowly to the SE
and is subparallel to SO (Figure 17b). Domain IV cleavage is roughly spread along a
girdle with a SE-trending fold axis, although data are few (Figure 18a).
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(a) Dm III: so -------------

Eigetiwal ElgenNect.

(c) Dm III (Ob): FI

(b) Dm III: SI

(d) Dm III (Or): FI

Figure 17: Equal area stereoplots of SO, SI, and FI folds in domain III. (a) Domain
III (OF): Average SO (N = 48) dips shallowly to the SE. FI fold axes are spread
along the best-fit bedding plane (N = 12). (b) Domain III: SI is subparallel to SO and
dips shallowly to the SE (N = 32). (c) Domain III (ObB and ObC) FI axial planes and
fold axes, (d) Domain III (OrA and OrB) FI axial planes and fold axes. Numbers
indicate corresponding FA and AP. Symbols as in Figure 12.
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Figure 18: Equal area stereoplots of SI and FI folds in domain IV. (a) Domain IV:
Poles to SI are spread about a girdle with a ESE-trending pole (N = 5). FI fold axes
are scattered (N = 6); (b) Domain IV FI axial planes and fold axes. Numbers indicate
corresponding FA and AP. Symbols as in Figure 12.
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Cleavage and fold axis orientations presented from domain V and VI are
compiled from previous studies (Carroll, 1980; Lamb, 2000, M.C. Blake, 2005, written
commun.) (Figure 13). No structural data were collected in domain V, but it is included
to link domains III and VI to understand the nature of folding in and between these areas.
SI in domain V is scattered but dips approximately SW (Figure 19a). FI axes plunge
shallowly to the south and southwest. F2 axes vary in orientation from west- to
southwest-plunging across domain V (Figure 19a). Bedding and cleavage in domain VI
dip mostly to the northeast and east (Figure 19b, c). FI and F3 fold axes from Eliza
Island cluster well and plunge shallowly to the east. Detailed maps and plots of SO and
SI on Eliza Island from Lamb (2000) show SO and SI that is folded about a shallowly
ESE-plunging axis. Limited S2 data were collected and are typically similar in strike to
SI but with a steeper dip (Lamb, 2000). Fabric orientations collected from the melange
in domains III and VI are separated into a melange domain and are discussed below.
Interpretation and regional significance offolding

Bedding and cleavage data suggest that several phases of folds have affected the
field area. FI folds are typically NE-plunging in domains I, II and III but show various
orientations in all domains which suggests possible post-Fl folding or reorientation and
possibly a separate episode of FI folding in the FC. Shallow, SE-plunging F2 folds are
consistent with the regional fold pattern observed in the San Juan Islands to the west and
in the Tertiary Chuckanut Formation to the east (Brandon et ah, 1988; Feehan and
Brandon, 1999; Johnson et al., 1986; Lamb, 2000). The consistent orientation of SI in
domain II, compared with domains I and III, suggests that either F2 did not affect the FC
or the SI measurements were taken in a small enough area to represent a consistent limb
of the regional or parasitic F2 folds. Outcrop-scale, east- and west-plunging folds (F3)
observed in the eastern San Juan Islands by Lamb (2000) reorient F2 in that area. Lamb
(2000) observed that F2 structures were reoriented across a large enough area to suggest
that they may be regional in scale. To agree with regional F2 folds, the synformal shape
of F2 between domain I/II and V suggests that the stratigraphy of the FC is folded into a
synformal anticline. To determine the relative age of regional (F2) folds with respect to
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(a) Dm V: SI, FI, F2

(b)' Dm VI: SO (c) Dm VI: SI,Elgenval.
FI, Elgerr^ct^
F3

'

Figure 19: Equal area stereoplots of SI, FI, F2 and F3 folds in domains V and VI.
(a) Domain V: SI averages to a SW-dipping plane (N = 7). FI axes are scattered in
the SW-quadrant (N = 3). F2 axes are W-trending and subhorizontal (N = 3). (b)
Domain VI: Average SO (Lummi Island only) dips to the NE (N = 4). (c) Domain VI:
SI from Lummi and Eliza Islands dips to the NE (N = 15). FI (N = 13) and F3 (N =
2) axes are subhorizontal and trend to the E. Symbols: Stars - FI fold axes; open
diamonds - F2 fold axes; open squares - F3 fold axes; other symbols as in Figure 12.
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brittle structures, brittle structure data described below are categorized into the domains
determined above to see if kinematic directions are different in different domains.
Melange Characteristics and Orientation
Several distinct, highly disrupted zones of mixed lithology occur within the field
area (Figure 13). The zones are approximately 0.5 km wide and strike roughly east-west
on Lummi and Cypress Islands, where the zones separate the OF from the FC. A similar
zone strikes northwest-southeast on Blakely Island with FC rocks to the southwest and no
rock exposed across the channel to the NE (Figure 13). The melange zones contain
lithological blocks common to both the OF and FC terfanes within a weakly foliated,
fine-grained, green to black, argillaceous, volcaniclastic or serpentinitic matrix; magnetic
anomalies across the melange zone on Cypress Island are consistent with an abundance
of subsurface serpentinite (Mynatt, 2002). Blocks within the melange and the melange
foliation are chaotically oriented (Figure 20a, b). Lithologies include very fine grained
siliceous mudstones (M.C. Blake, 2005, written commun.), sandstone, ultramafics,
pillowed greenstone, and minor interpillow limestones (M.C. Blake, 2005, written
commun.). Lithological blocks are massive to chaotically fractured and range in size
from tens of meters to as small as several centimeters (e.g.. Figure 20a, b). Some clasts
and blocks of OF origin entrained within the melange are observed to be foliated.
Characteristic to the melange are fine-grained, mafic, igneous clasts that are roughly
spherical in shape and 5 - 10 cm in diameter. These undeformed clasts are common
within the sheared matrix giving the outcrops a ‘cobblestone’ appearance. The clasts
may be a part of a deformed conglomerate or pillow breccia block (Figure 20a).
Brittle faults observed in the melange zones are similar in character to those in the
OF and FC, although fault planes are often variably dipping or anastomose within the
matrix of the melange (Figures 21, 22a). Typically faults contain little to no vein
material in the main slip plane. When veins were observed, they were typically
disrupted. Discrete fault planes measured in the melange zones are not offset by shear
fabric within the melange matrix but either crosscut it or anastomose within it and
therefore are assumed to be coeval with brittle structures in the OF and FC. Structures
measured in the melange are presented by structure type and domain but are separated
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Figure 20: Tectonic fabrics in the melange zones, (a) Aphanitic
volcanic clasts within sheared matrix of a melange zone, Lu-B. (b)
Anastomosing fabric in volcaniclastic matrix with stretched as well as
undeformed clasts, Cy-A.
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Figure 21: Discrete fault planes in the melange often have variable
dip. (a) A normal fault with varying dip (white lines are parallel to
plane of fault). Note large lenticular basalt clast in footwall (above and
to the right of notebook, labeled B) and smaller lentieular elasts in
hanging wall (white arrows). Bl-A. (b) Reverse/left-lateral fault with
varying dip (black lines parallel to fault plane) at Lu-B.
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Caption on following page.
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Figure 22: Steeply-dipping shear zones with anastomosing fabric
occur in several locations in the melange zones and FC. The zones
typically contain dip- and strike-slip slickensides and associated
serpentinite. (a-from previous page) A NE-striking shear zone within
the inferred NW-striking melange zone at Bl-I. Entire zone is
approximately 4 meters wide. Melange rocks are found on both sides
of the shear zone but are out of the field of view on the left, (b) An Estriking shear zone that crosscuts the mudstone unit (left and right sides
of photo) of the James Island Formation, Ja-C. This zone is
approximately 7-8 meters wide. Orange notebook in both photos is
20cm long.
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from other data collected outside the melange for comparative purposes. Bounding faults
separating the melange from the OF and FC were not observed.
Similarity of lithological and structural characteristics between melanges suggest
that the zones were once continuous terrane boundaries between the OF and FC. Lamb
(2000) described a NW-SE striking structure on Guemes Island where rocks of the FC are
separated from rocks of the OF to the north (Fault zone A, Figure 13). Similarities in
character, lithology, and juxtaposition of terranes suggests that Fault Zone A is likely
continuous with the melange zone observed in this study on Cypress Island. The change
in strike of the melange across the field area may be a result of regional folds or rotation
from faulting. The faults bounding the melange and the melange itself were previously
interpreted as south-dipping on Blakely, Cypress, and Guemes Islands and north-dipping
on Lummi Island (Brown and Dragovich, 2003; Lamb, 2000; Lapen, 2000) (Figure 13).
A preliminary magnetometer study by Mynatt (2002) suggests that the fault separating
the FC from the OF on Cypress Island is steep and south-dipping with the FC in the
hanging wall.
Shear Zones - Orientations and Kinematics
Conspicuous ductile-brittle shear zones are common in the melange zones and
were also observed within the FC. The zones are of various orientations but are typically
subparallel to nearby melange zones. The shear zones range in width approximately from
1 to 10 meters and typically cut vertically through the entire outcrop (Figure 22a, b). The
zones dip steeply with anastomosing fabric and a scaly, friable, serpentinite matrix that is
typically easily eroded forming small coves in coastal outcrops. Strike-slip and dip-slip
slickenlines are commonly visible on lozenges within the shear zones. Blocks included
within the zones have a range of size and shape but are typically decimeter scale and
elongate along the strike of the zone, subparallel to the scaly foliation (Figure 23a, b). SI
cleavage is locally reoriented to be parallel to the strike of a nearby shear zone (Figure
A5). Cleavage drag in some locations and slickenlines within the fabric suggests that
early motion was reverse in sense. Overprinting strike-slip slickenlines suggest later leftlateral motion. Discrete fault planes are rare, difficult to identify, are typically strike-slip
in nature and crosscut or anastomose in and out of the fabric. Shear zones were not
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Figure 23: (a) Lens shaped block within the fabric of a shear zone
located in the melange unit, Lu-A. Looking down, (b) Anastomosing
fabric within the melange unit. Elongate clasts (right and below pencil)
and circular clasts (upper center) are common in the fabric of the
melange.
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observed to separate different lithologies and are themselves similar in lithology and
structural character across the field area.
Description and Analysis of Brittle Structures
Meter-scale faults
Faults measured in the OF, FC and melange typically have similar geometries,
scale, and displacement. Most faults are characterized by discrete planes with gouge
thicknesses of 1 - 30 cm, typically ~2 - 3 cm. Some faults have fault-parallel veins with
thicknesses of 0.1 - 3 cm. Polished fault surfaces with groove lineations are common in
igneous lithologies. Offsets were not commonly observed but ranged from centimeter to
meter scale with decimeter scale most typical. Although many of the faults measured are
considered oblique with rakes that range from 10 - 80°, most faults have rakes less than
30° or greater than 70° and are considered predominantly dip-slip (> 45°) or
predominantly strike-slip (< 45°) (Appendix B). Reverse faults were the least abundant
(11% of faults) fault type observed and were principally found in the OF terrane. Some
large reverse faults deform layering up to a meter wide on either side of the main fault
plane (Figure 24). Slip directions on reverse faults range from oblique to down-dip with
rakes of greater than 80° typically on fault planes that dip steeper than 60°. Normal (39%
of faults) and strike-slip (50% of faults) faults are common throughout the OF, FC, and
melange. Normal and strike-slip faults are typically spaced tens of meters apart; local
spacing of 1 to 2 meters was observed. Many (40%) normal faults have rakes greater
than 80°, although some accommodate lateral motion as well (38% between 45-70°).
Approximately half of the strike-slip fault population is oblique in nature with rakes
between 20° and 45° (Figure 25).
Extension veins
Quartz and calcite-filled extension veins are found in both the OF and FC
terranes, although veins in general are much more numerous within the OF (72%). Both
vein types are generally 0.5-1 cm thick and range from 1 mm to 15 cm in thickness
(Figure 26). Veins range from less than a meter to approximately 10 meters in length.
Most are 0.5 - 1 m in length and extension vein sets typically contain 5-10 veins. Some
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Figure 24: A well-exposed SW-vergent thrust in the greenstone unit of
the OF terrane, De-A. Arrows show relative motion of the fault.

Figure 25: Histogram of strike-slip slickenline rakes (N = 210). The
majority of slickenlines rake between 0-20°. Relatively few faults are
highly oblique with rakes >35°.
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Figure 26: Extension veins (at arrows) in conglomerate of the James
Island Formation, Ja-B.
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extension vein sets contain more than 30 veins. Vein in sets are typically spaced 5-10
cm apart but this spacing ranges up to a meter. Within the FC, extension veins are
thinner and less extensive with fewer veins in a set than the OF terrane. Veins are more
abundant in sedimentary lithologies than igneous.
Orientation and kinematics of brittle structures
The orientation and kinematics of brittle structures are described below in
interpreted age order and by structure type. In addition, to determine if structures are preor post-folding, the structures are divided into domains based on cleavage orientation as
described above (Figure 13). If folds were post-faulting, a systematic rotation of
kinematic directions should be observed between domains. Data from the melange zones
are presented separately.
For structural analysis, faults were separated by relative age, fault type, rake, and
quality. As previously defined, normal and reverse faults have rakes >45° while faults
with rakes less than 45° are considered strike-slip. Normal and strike-slip faults rated
quality 3 and data sets without complete kinematic information were removed from the
kinematic analysis and are shown in Appendix C. Reverse faults are less numerous;
therefore, quality 3 reverse faults have not been removed from the main data analysis.
Previous studies have used the slip and orientations of individual faults to
determine the brittle strain of a deformed region (e.g. Marrett and Allmendinger, 1990;
Ring and Brandon, 1994). Structures of similar timing and kinematics will show
clustering of strain axes and are used to interpret the regional strain regime at the time the
faults were formed. Using a graphical construction of strain axes based upon fault
geometry, slip direction, and sense, TectonicsFP (Reiter and Acs, 2004), used in this
thesis, calculates the infinitesimal principal shortening and extension directions
represented by P (shortening) - axes (solid circles) and T (extension) - axes (solid
triangles). Also shown are P-axes (open squares) which represent the direction of no slip.
The distribution of each axis in space is represented by the percentage R. Values of R
greater than 70% are considered in this study to be well-clustered. The calculation of
95% confidence ellipses, tilt corrections, and the application of bootstrap statistics were
applied to strain axes using the techniques of Constable and Tauxe (1990), Tauxe (1998),
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and Tauxe et al. (1991). The computer programs di tilt, s_tilt, eigs_s, plotams, bootams,
goprinc, and plotdi of Tauxe (1998) were output to the computer program PlotXY (Parker
and Shure, 2008) to project onto the lower hemisphere of equal-area stereoplots. Stress
modeling using the multiple inverse method (Main Processor v5.31; Post Processor
v4.08) (Yamaji, 2006), discussed later, is applied to strike-slip faults in domain II.
Assumptions inherent to the determination of stress and strain from fault slip data
include: 1) fault slip is parallel to the direction of maximum shear stress, 2) homogeneous
stress, 3) faults slip independently of each other, and 4) no post-faulting reorientation
(Angelier, 1979; Bott, 1959; Marrett and Allmendinger, 1990; Ramsay and Lisle, 2000;
Wallace, 1951). Further discussion of the assumptions involved in kinematic analysis
will be presented in Section IV. All structural analyses are based on present day
orientation of structures. The possibility of structural reorientation is discussed in
Section IV. Further explanation of data collection and analysis is given in Appendix B.
Reverse faults

Reverse faults are not common in the field area and fault planes are not oriented
in any dominant direction. Generally, fault vergence is to the north or south in domains I
and 11, and to the northeast or southwest in domain 111, however, other slip orientations
are common (Figures 27a, c, 28a, 29a). Calculation of kinematic axes for each domain
yields some consistency in contraction direction, although scatter is apparent. Pressure,
or shortening (P) axes orientations average to N-S and NNE-SSW (Figures 27b, d; 28b
and 30). Tension, or extension (T) axes average to subvertical in each domain, although
T axes are slightly skewed to the southwest in domain I (Figure 27b). NNE-trending,
average P axes in domain II are similarly oriented to those in domain I except in the
James Island area where P axes trend to the SW (Figure 30). Reverse faults from the
melange in domain III do not parallel the strike of the melange and show loose clustering
of P axes in the NW-SE quadrants and subvertical T axes (Figure 28c, d). In domain IV,
close to the Buck Bay fault zone, reverse faults approximately parallel the NE-strike of
the larger fault zone (Figure 29a). P axes are subhorizontal and cluster well in the SE
quadrant, approximately perpendicular to the Buck Bay fault (Figure 29b). T axes are
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(a) Nof = 7

(b) N = 7

Figure 27: Equal area stereoplots of reverse faults and strain axes from domains I and II. (a)
Domain I: Reverse faults are scattered but predominantly N- or S-vergent. (b) Strain axes in
Domain I are scattered but consistent with N-S shortening and subvertical extension, (c)
Reverse faults in Domain II are scattered but generally N- and S-vergent. (d) Strain axes in
Domain II show mostly NNE-SSW contraction and vertical extension.
All stereoplots are equal area, lower hemisphere projections. Arrows with circle show motion
of hanging wall and slickenline trend and plunge. Fault planes shown as solid great circles =
FC; dotted great circles = OF terrane; dashed great circles = melange. P, T, and B axes are
solid grey circles, solid black triangles, and open squares, respectively. Nqf.fc.m = Number of
structures in the corresponding terrane. t = theta angle. Small circles shown in strain
diagrams are 99% confidence intervals and are centered on the mean strain axis (large
circle/triangle/square). The trend and plunge of the mean vector is shown in the lower right
along with a clustering value (R) for each group of strain axes indicating how well they
cluster. R is defined in Appendix B.
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(c) N = 7
Ncypress ~ 3

t = 59

Figure 28: Equal area stereoplots of reverse faults and strain axes from domain III
and melange zones within this domain, (a) In Domain III, reverse faults show many
orientations but with slip primarily to the NE and SW. (b) Domain III P axes are
subhorizontal, loosely-clustered and trend NE and SW. T-axes average to subvertical,
(c) Faults measured in the melange zones located in Domain III are scattered in
orientation and slip is predominantly oblique. Most faults are at a high angle to their
respective melange zone shown as double dashed line (Cypress: Cym, Blakely: Blm).
Faults from Blakely are shown as dashed black great circle, those from Cypress are
grey-dashed, (d) Faults in the melange zones have P axes that are spread to the N and
S with subvertical to moderately plunging T axes. Symbols as in Figure 27.
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(a) N = 5

(b) N = 5
t = 72

Figure 29: Equal area stereoplots of reverse faults and strain axes from
domain IV. (a) Reverse faults are steeply NW and SE dipping with
oblique slip and approximately parallel the estimated orientation of the
Buck Bay fault (double-dashed line), (b) P axes are well-clustered and
trend NW and SE. T axes plunge steeply and are well-clustered. Symbols
as in Figure 27.

49

Figure 30; Study area showing average P axes values from reverse faults, fold domains
and average foliation. Other symbols as in Figures 2, 3, and 12. Map and geology
modified from Brown and Dragovich (2003); Burmester et al. (2000); Garver (1988b);
Vance (1975).

50

steeply inclined to the southwest (Figure 29b and 30). Preliminary data gathered by
Gillaspy (2005) from SW Lummi Island in addition to data gathered in this thesis from
the eastern edge of the Domain VI melange zone show no consistency in orientation of
kinematic axes for reverse faults.
Kinematics from reverse faults are similar in orientation in both terranes (Domain
I versus domain II) and across domains I - III (Figures 30, 31). T axes are subvertical
suggesting that the attitudes of S1 preexisted and were not changed. Although data are
limited and kinematic axes are scattered, domains I, II, and III show that north - south
directed shortening and vertical thickening was a possible mechanism during the reverse
faulting phase of deformation (Figure 31), the exception being reverse faults measured in
the James Island sub-area and in proximity to the Buck Bay fault (Figures 29d and 30). P
axes from structures in the melange zones overlap the range in orientations in domains I,
II, and III.
Extensional structures

Normal faults and extension veins are common; however, extensional structures
are not uniformly oriented across the field area. Although relative age relations suggest
that extension veins predate normal faults, veins are presented in conjunction with normal
faults as both structures range in orientation and will be tested to determine if they
formed during a similar stress orientation. Faults and veins in domains I and II show
significant scatter in orientation and faults show slip in a range of directions (Figures 32a,
33a). Faults in domains III and IV are predominantly NE-SW and E-W dipping,
respectively, with dominantly steep rakes (Figures 34a, 35a). Extension vein poles are
oriented similar to normal fault T axes in domains III and IV (Figures 34c, d and 35c).
Data from the melange zones are limited and are not consistent in orientation (Figures
36a, 37). Due to the limited dataset, no kinematic axes were calculated for domain VI.
Extension directions are subhorizontal in all domains but scattered in orientation
in each domain suggesting the effects of local variability. Extension directions average
to NNW-SSE and N-S in domain I and II, respectively. T axes and poles to extension
veins in domain III are predominantly oriented NE-SW (Figure 34b). Extension within
the domain III melange zones is slightly different with T axes that average to the NNW,
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P-T Data

Confidence ellipses

Eigenvector

Domain I, II, III
N=33, t=45
In situ
P
B
T

Tr,Pl
012.9,5.0
282.6, 3.7
156.2, 83.8

Ellipse
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Angle
Angle
9.2
23.7
23.4
10.6
9.8
10.3

Figure 31: Equal area, lower hemisphere plots of P, beta, and T axes (left) and mean
eigenvectors with 95% confidence ellipses (right) of all reverse faults in domains I, II,
and III in present coordinates. Lighter patterned ellipse includes 95% of mean
eigenvectors from simple bootstrap replication of the P-T data. Darker patterned ellipses
are larger because bootstrap replication includes perturbation that reflects scatter in the
original data. An ellipse that crosses itself indicates that the ellipse is also being plotted
in the upper hemisphere. Confidence ellipses and eigenvectors calculated using plotams
program of Tauxe (1998). Plotted with PlotXY (Parker and Shure, 2008).
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(c) Nof = 36

(d) N =36

Figure 32: Equal area stereoplots of extensional structures and strain axes from
domain I. (a) Normal faults generally dip moderately to steeply and are scattered in
orientation, (b) T axes are spread across the NW and SE quadrants. P axes are wellclustered and approximately subvertical, (c) Poles to extension vein planes from
domain I. Poles are generally shallowly plunging and scattered in all directions, (d)
Gaussian contour plot of poles to extension vein planes. Some clustering of poles is
visible in the NE and SW quadrants. Maximum clustering is at 243, 11. Symbols:
solid circles - extension vein poles; contour interval shown in lower left of contour
figure (Gaussian distribution, k = 100); other symbols as in Figure 27.
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(a)NFc

= 41

(b)N = 41

Figure 33: Equal area stereoplots of extensional structures and strain axes from
domain II. (a) Normal faults occur in many orientations, (b) T axes are
subhorizontal and scattered in all directions. P axes are moderately to steeply
plunging and average to subvertical, (c) Poles to extension veins are shallow to
moderately plunging and predominantly oriented to the NE and SW. (d) Gaussian
contour plot of poles to extension vein planes. The majority of poles are located in the
NE quadrant. Maximum clustering is at 258, 35. Symbols as in Figures 27 and 32.
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•

P<Ax«S

Figure 34: Equal area stereoplots of extensional structures and strain axes from
domain 111. (a) Normal faults are predominantly NE and SW dipping. Slip directions
are mostly down-dip and NE and SW trending, (b) T axes from normal faults are
mostly subhorizontal and NE-SW trending. P axes are well-clustered and nearly
subvertical, (c) Most poles to extension veins plunge to the NE and SW. (d) Contour
plot of poles to extension veins. Extension vein poles cluster in the NE and SW
quadrants with maximum clustering value at 227, 11. Symbols as in Figures 27 and
32.
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(a) Nof - 8

(b) N = 8

I

Figure 35: Equal area stereoplots of extensional structures and strain axes from
domain IV. (a) Normal faults mostly dip shallowly to moderately E and W and do not
parallel the Buck Bay fault (double-dashed line). Slip is mainly down-dip. (b) T axes
loosely cluster E-W although some scatter exists. Extension is generally oblique to
the Buck Bay fault, (c) Poles to extension veins are E-W trending and agree with
normal fault T axes. Symbols as in Figures 27.
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(a) N = 4

Nveins =

8

(b) N = 4

Figure 36: Equal area stereoplots of extensional structures and strain axes from the
domain III melange zones, (a) Normal fault orientations are generally scattered and
do not parallel the approximate attitude of their melange zone (double-dashed line;
Cypress: Cym, Blakely: Blm). Faults from Blakely are shown as dashed black great
circle those from Cypress are grey-dashed. Poles to extension vein planes are
scattered. (b)T axes are predominantly N-S from the melange zones. The outlying T
axis is from Cypress Island. Symbols as in Figures 27.

Figure 37: Equal area stereoplot of extensional structures from the domain VI
melange zone. Normal fault (N = 2) planes and slip directions. Approximate melange
zone orientation shown as double-dashed line. One extension vein pole is plotted in
the SE quadrant (N = 1). Symbols as in Figure 27.
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approximately perpendicular to the melange on Cypress Island (Figure 36b). Extension
is oriented approximately E-W, oblique to the trend of the Buck Bay fault, in domain IV
(Figure 35b). To better constrain the orientation of extension from normal faults,
confidence ellipses were calculated for normal fault strain data in domains I, II, and III
(Orcas-Obstruction and Cypress sub-areas). P axes from normal faults in each domain
are statistically subvertical (Figure 38). Overlap of the 95% confidence ellipses for T
axes in all domains indicates that extension is statistically similar in all domains (Figure
38). A stereoplot of all normal fault strain axes from domains I - III with average vectors
and 95% confidence ellipses illustrates that P axes are effectively vertical and with N-S
directed extension across domains I - III (Figure 39).
Some of the scatter of normal fault T axes is the result of sub-areas within each
domain, such as the James Island area, where extension is oriented differently than the
rest of the domain (Figure 40). T axes of extensional structures on James Island are
predominantly NE-SW trending compared with the rest of domain II where normal fault
T axes are spread in the NW-SE quadrants (Figures 41). The difference in extension
direction suggests that rocks located in the James Island sub-area may need to be
included in a separate domain as this area may be located in a different part of the
regional fold or the possibility exists that an unrecognized structure separates the James
Island sub-area from other rocks in domain II. Extension directions from veins show a
range of orientations in domains I and II, however, the contoured maximum for both
domain I and II is in the SW-quadrant, different than the average T axis values for normal
faults in these same domains (Figures 32d, 33d and 30b, 31b). Therefore, the extension
veins and normal faults are not coeval.
Strike-slip structures

Discrete strike-slip faults are abundant and widespread within the OF, FC and
melange zones and are interpreted to be the youngest brittle structure. Strike-slip faults
are organized by fold domain both for comparison with earlier structures and to test for
post-faulting folds, however, within each domain, and each melange zone, strike-slip
faults are typically more scattered in orientation than reverse and normal faults and
include many oblique faults (Figure 42a - f). Scattered fault orientations are apparent at
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Figure 38: Equal area, lower hemisphere stereoplots of P, beta, and T axes (left) and
mean eigenvectors with 95% confidence ellipses (right) from normal faults in domains I,
II, and III (Orcas and Cypress sub-areas). Ellipses defined in Figure 31. Confidence
ellipses and eigenvectors calculated using plotams program of Tauxe (1998). Plotted
with PlotXY (Parker and Shure, 2008).
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Figure 39: Equal area, lower hemisphere stereoplots of P, beta, and T axes (left) and
mean eigenvectors with 95% confidence ellipses (right) of combined normal faults in
domains I, II, and III. Ellipses defined in Figure 31. Confidence ellipses and
eigenvectors calculated using plotams and di_tilt programs of Tauxe (1998). Plotted
with PlotXY (Parker and Shure, 2008).

60

95% Confidence Ellipses
In situ normal fault strain axes

10 km

Figure 40: Study area showing average T axes values from normal faults and extension
vein poles, fold domains and average foliation. Other symbols as in Figures 2, 3, 12.
Map and geology modified from Brown and Dragovich (2003); Burmester et al. (2000);
Garver (1988b); Vance (1975).
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Figure 41: Equal area stereoplots of extensional structures and strain axes from
domain 11 and domain II - James Island sub-area, (a) Domain II normal faults and slip
directions are scattered in orientation, (b) Kinematic axes from domain II are
scattered in orientation but the majority of T axes are spread to the N and NW and to
the S. Extension vein poles (crosses) are mostly in the NE-SW quadrants, (c) Most
normal faults from the James Island area dip and slip to the NE and SW. (d)
Subvertical P axes and NE-SW extension are predominant on James Island and is
similar to kinematics observed in domain III (Figure 34b). Extension vein poles
(crosses) show extension mostly in the NE-SW quadrants. Symbols as in Figure 27.
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Nrl=13

N,l=22

Caption on following page.
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Figure 42: Equal area stereoplots of left- (Nll) and right-lateral (Nrl) strike-slip fault
orientations from all domains. Most domains show a wide range of fault orientation
and LL and RL faults of the same orientation, (a) Domain I (b) Domain II (c)
Domain III (d) Domain Him (e) Domain IV (f) Domain Vim. Right-lateral faults
shown in grey in plots d-f Other symbols as in Figure 27.
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the domain scale and also in smaller sub-areas as seen at southern Blakely Island (domain
II) and south and southeastern Trump Island (Domain I) (Figure 43a, b). Some sub-areas,
typically outcrop scale, are found to contain strike-slip faults with consistent orientation.
Strike-slip faults from Center Island (Domain I) are predominantly sinistral and NEdipping although some faults are dextral (Figure 43 c). Sinistral and dextral faults from
the James Island area are NW-SE and NE-SW dipping, respectively (Figure 43d). Note
that, although areas of consistent orientation are found, it is typical for strike-slip datasets
to contain faults of similar strike and dip but opposite sense of slip (Figure 43 a, b).
The kinematics of strike-slip faults are significantly more scattered than those of
earlier fault stages. As a result of the inconsistency in orientation of right- and leftlateral faults, calculated P and T axes for strike-slip faults in each domain typically
overlap and do not resolve to a preferred orientation (Figure 44a - e). Scattered P and T
axes are common at the island- and outcrop-scale, but some smaller sub-areas, as
discussed above, do have moderately-well clustered kinematic axes (Figure 45a - d). T
axes on Center Island (Domain I) suggest NW-SE extension with P axes that are inclined
to the SW (Figure 45c). Kinematic axes from James Island (Domain II) show good
clustering of T axes to the ENE-WSW and P axes to the NNE-SSW (Figure 45d).
Average kinematic axes for sub-areas where P and T axes are reasonably clustered (R >
60%) are shown in Figure 46.
Sources ofscatter in the strike-slip dataset
In general, strike-slip fault strain axes show that subhorizontal contraction and
extension are dominant in this phase of brittle deformation, however, the kinematics of
strike-slip structures are difficult to discern as strain axes are not consistently oriented at
the domain scale and only rarely at the sub-area scale. Attempts at calculating
confidence ellipses by domain failed as the data are too scattered. As the interpreted
latest structure in the field area, strike-slip faults should show the most consistency in
kinematic axis orientation. Although most strike-slip faults were observed as discrete
planes in the field, it is possible that an early, anastomosing set of strike-slip faults
subparallel to cleavage went unrecognized. Such structures were documented in the ESC
by Gillaspy (2005). Other sources of scatter include the reactivation of earlier structures
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(a) Nll - 7

(^5) Nll ^ 11

(c)Nll = 6

(d) Nll =12

Figure 43: Equal area stereoplots of strike-slip faults from Blakely, Trump, Center,
and James Islands, (a) Scattered left- and right-lateral faults in igneous rocks of the
FC, southern Blakely Island, domain II. (b) Oblique left- and right-lateral faults in
sedimentary and igneous rocks of the OF, S and SE Trump Island, domain I. Note
faults of similar orientation and opposite sense, (c) Strike-slip faults of consistent
orientation in sedimentary rocks of the OF, Center Island, domain I. (d) Strike-slip
faults in sedimentary rocks of the FC, James Island area. Sinistral faults are
predominantly NW- and SE-dipping. Dextral faults are mostly NE- and SW-dipping.
Symbols as in Figure 27. Right-lateral faults shown in grey.
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Figure 44: Equal area stereoplots of strike-slip fault strain axes from all domains. P
and T axes from strike-slip faults (left diagram) and Gaussian contoured T axes (right
diagram). Strain axes in domains I - III are scattered and overlap, (a) Domain I. (b)
Domain II. (c) Domain III. (d) Domain Him. (e) Domain Vim P axes cluster in the
SW quadrant. T axes are loosely clustered in the NW and SE quadrants. Plots of fault
orientation for Figures a-e are shown in Figure 42. Symbols as in Figures 27 and 32.
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Figure 45: Equal area stereoplots of strike-slip fault strain axes from Blakely,
Trump, Center, and James Islands. Kinematic axes from strike-slip faults are
typically scattered in small areas, although some areas are consistent, (a) Blakely
Island, domain II. Some P and T axes overlap in orientation, (b) S Trump Island,
domain I. Note the very high theta angle, steeply plunging P and B axes, and the
overlap of P and B axes, (c) Center Island, domain I. P and T axes are clustered.
(d)P and T axes from James Island, domain II cluster tightly to the NNE-SSW and
WNW-ESE, respectively. Plots of fault orientation for Figures a-d are shown in
Figure 43. Symbols as in Figure 27.
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Figure 46: Study area showing average T axes values from strike-slip faults, fold
domains and average foliation. Other symbols as in Figures 2, 3, 12. Map and geology
modified from Brown and Dragovich (2003); Burmester et al. (2000); Garver (1988b);
Vance (1975).
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by strike-slip faults. Numerous faults contain evidence for both dip-slip and strike-slip
motion along the same fault plane (Figure 9). Other factors such as lithology and terrane
affinity

do not appear to control how much scatter is present in the strike-slip set (Figure

43). Additionally, if the rocks within the field area responded to late-stage reorientation,
as a result of rotation or tilting as suggested by Burmester (2000), the presence of
consistent kinematic axes only at the outcrop or island scale suggests that rotated blocks
may be small and chaotically oriented with respect to the larger fold domains. Further
discussion of scatter will be presented in Section IV.
Summary of brittle structure kinematics
Structural evidence from this study indicates several stages of brittle deformation
common to the OF, FC, and melange that post-date regional cleavage formation.
Kinematics of brittle structures suggest a pattern of deformation of subhorizontal
shortening and vertical extension in the OF terrane followed by subhorizontal extension
in the OF and FC. Kinematics of the reverse fault, extensional, and strike-slip phases of
deformation are summarized in Table 1 and average P or T axes are plotted in Figures 30,
40, and 46. Reverse faults are interpreted to be the earliest, post-terrane assembly brittle
structure in the OF terrane and show predominantly north-south shortening across the
field area (Figure 31). P axis orientations are different in the James Island sub-area and
near the Buck Bay fault (Domain IV) and suggest later movement or a different age for
these structures. P axis orientations from reverse faults and T axis orientation from
normal faults are statistically similar in domains I - III suggesting that reverse and
normal faults are not folded by F2.
Subvertical shortening and horizontal extension was accommodated by normal
faults and extension veins. Normal faults and extension veins are found to have the same
extension direction in domain III and the James Island sub-area (domain II) but different
extension directions in domains I and II which suggests that these structures are of
different timing. Crosscutting relationships suggest that veins precede normal faults.
However, veins show a range of extension directions in domains I and II and an extension
direction consistent with normal faults in domains III and IV and the James Island subarea (Domain II). It is possible that initiation of extension veining preceded normal
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faulting but also persisted while normal faulting was active. Contour maxima suggest
that extension derived from extension veins is predominantly NE-SW in domains I, II,
and III, although many other orientations exist. Veins in domain IV (Buck Bay fault) and
the melange zones show extension that is approximately perpendicular to these structures.
Overlap of 95% confidence ellipses for normal fault T axes in domains I - III suggest that
extension is predominantly N-S directed and that normal faults are not folded by F2
(Figure 38). The average T axis orientation from normal faults is E-W in domain IV and
NNW-SSE in the three melange zones (domains III and VI).
Kinematics of strike-slip faults suggest a change from subvertical shortening to
subhorizontal shortening and continued subhorizontal extension. Strain axes calculated
by domain are very scattered and cannot be used to determine average extension or
shortening directions for each domain. Smaller sub-areas with kinematic axes of
consistent orientation are shown in Figure 46. Average extension directions are typically
different from area to area.

Stress Modeling
Stress Inversion
Multiple stages of deformation suggest a change in the direction of the regional or
local stress tensor over time. Using fault slip data it is possible to reconstruct the
paleostress direction most likely to have produced a given population of faults. Many
numerical and graphical methods have been proposed to deduce stress directions from
fault-slip data (Angelier, 1979; Etchecopar et al., 1981; Marrett and Allmendinger, 1990;
Nemcok and Lisle, 1995). Through adaptation of these authors’ techniques, various
computer programs have been written to perform stress inversion. Typically, user input
is fault orientation, slip direction, and slip sense. The model either iterates through a
large number of stress tensor orientations and outputs the best fitting tensor, or produces
a graphical output that allows the user to select the best fitting tensor. Misfit is
determined by calculation of the angle between the orientations of the observed slip
vector and the calculated maximum shear stress for a particular stress tensor. The best
fitting tensor is selected based on a minimization of the misfit angle. Most of the fault
inversion methods use assumptions based on the Wallace-Bott hypothesis: fault slip is in
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the direction of maximum shear stress, stress is homogenous in space and time (i.e. faults
are responding to the same stress system), and faults do not mechanically interact (Bott,
1959; Wallace, 1951). These assumptions limit the analysis to faults that have not been
reactivated or formed in more than one stress tensor orientation.
The strike-slip fault data presented above show a variety of fault and strain
orientations, regionally as well as at the outcrop scale. Attempts at using the stress
inversion procedure in TectonicsFP based on the stress inversion of Angelier (1979) and
calculations by Spemer et al. (1993) yielded one stress tensor for the given dataset.
Typically, a large percentage of the dataset calculated using the stress tensor derived by
TectonicsFP contained very large misfits. Removal of faults with large misfit angles
from the dataset with the intent of making two homogeneous sets assumes that the
initially derived stress tensor is geologically reasonable for the ‘well-fit’ fault set.
Finding that a single stress tensor typically only fit a small percentage of the data, even at
the outcrop scale, the datasets are assumed to be heterogeneous and the classical
technique of fault inversion is no longer reliable. A newer technique, the multiple inverse
method developed by Yamiji (2000), allows for the separation of stresses from
heterogeneous datasets.
Multiple Inverse Method
The multiple inverse method (MIM) (Yamaji, 2000, 2006) is a computer based
technique developed by Yamiji (2000) that uses cluster analysis to output the orientation
of the stress tensor and its stress ratio^ (O). Stress inversion calculations are performed
using a grid search defined by 256 directions spaced on a sphere. Each direction
represents an orientation of 03 around which the oi axis is rotated by approximately 11°
increments, therefore, a total of 65,536 grid directions are used in the multiple inverse
method (Yamaji, 2000). Without knowledge of the stress tensor(s) recorded by a set of N
fault-slip data, subsets of these data are created to compare with the orientations of the
principal stresses at each grid direction and through the range of O. Division of the fault-

^ The stress ratio is defined as: <5 = (02- 03) / (oi - 03).
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slip data is based on k-element subsets from

(e.g., for N = 6, k = 4, the number of

subsets is 15) (k = 4 or 5 is considered the optimal choice by (Yamaji, 2000)). For all
grid directions, the inverse calculation for each subset is then evaluated. Graphical
output is in the form of two lower hemisphere, equal-area stereoplots (Figure 47a). The
left plot represents oi and the right plot is 03. Each point plotted represents an orientation
of the corresponding stress tensor. The bar attached to the point represents the trend and
plunge of the other stress axis, be it oi or 03, in the opposite plot. The bar points to the
trend of the other axis and the length of the bar indicates the plunge (e.g., a point that
plots vertically on the cti plot with a long east trending tail indicates that the
corresponding 03 direction will be east trending with a subhorizontal plunge). The color
of each point represents the value of O of the corresponding stress tensor. Uniaxial
compression and tension are represented by purple (O = 0; 03 = 02 < Oi) and red (0 = 1;
03 < 02= oi), respectively. Statistically significant stress tensors are shown visually as
clusters of points with similar color, length of bar, and direction of bar. To aid in the
identification of clusters, less significant stresses can be removed from view by applying
an enhancement factor (e) based on the number of stresses tied to a grid point and the
standard deviation (see Yamaji (2000) for details). Visualizing each plotted point can be
difficult for densely populated clusters because each point will lie above another. A
dispersion factor (d, ranging from 0 to 3) will offset each point around its center (defined
by a grid direction). A dispersion value of 0 will plot symbols only at the points
corresponding to the grid directions. A larger dispersion value will offset the points away
from the grid direction. After the user visually selects the best-fitting Oi and 03 clusters
and a corresponding value of O, the MIM post-processor will calculate the theoretical slip
directions and misfit angles for the user-selected stress tensor. Output is in the form of
equal area stereoplots with the fault-slip data and theoretical slip directions, a table with
the fault-slip data and their misfit angle (not shown), and a histogram that displays the
frequency of the misfit angle for 10° bins (Figures 47b, c, d). The color code on each
diagram corresponds to the degree of fit (brown = misfit < 10°; 10° < green < 20°; 20° <
pale green <30°; others grey) (Figure 47b, c, d).
.
^ =--------------- (Yamaji, 2000)^
^, The number of solutions based on N elements is:
„ C.

k\(N-k)\
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Figure 47: The MIM applied to data (N = 18) from domain II, James Island sub-area (For all
subsequent analyses: k = 4, e = 8, d = 2). (a) Stereoplot showing the stress tensors oi (left)
and 03 (right) with statistieally signifieant elusters circled in dotted line. Significant clusters
are selected by visual inspection. See text for details of plot symbols, (b) Fault-slip data with
measured slip vectors (arrows) and theoretical slip directions (green open or filled circles).
Triangle (oi) and star (03) are the user-selected best-fit tensor based on clusters shown in (a)
and a selected stress ratio based on the predominant color of the cluster (in this case green,
0.5). (c) Tangent-lineation diagram of the fault-slip dataset shown in (b). Grey arrows
indicate the orientation of the theoretical stress field, (d) Misfit angle and the number of faults
corresponding to each 10° bin (0-180°). Stereoplots created using MIM of Yamaji (2006).
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Results
The multiple inverse method was applied to strike-slip data from selected areas in
domain 11 in an attempt to understand the scatter observed in this dataset. P-T diagrams
from the James Island sub-area in domain II show relatively coherent kinematic axes
(Figure 45d). Application of the MIM to the strike-slip dataset yields the plots shown in
Figure 47. As expected from the P-T diagram, the densest clusters correspond with the
orientations of average P and T-vectors (Figure 45d) at N-S and WNW, respectively.
After selection of the subhorizontal oi and 03 clusters with the computer mouse and
manual input of a stress ratio of 0.5 (green) as a trial best fit tensor, the MIM post
processor outputs the results shown in Figures 47b, c. The fault data are shown as slip
vectors on great circles and on a tangent lineation diagram. The theoretical slip direction
(green circles without arrows) and stress field (grey arrows) for the selected stress tensor
are shown in each diagram and allows the direct visualization of the misfit for each fault.
Additionally, a histogram displays the misfit in bins of 10° (Figure 47d). For the James
Island data, twelve of the eighteen faults are considered very good fits to the selected
stress tensor.
By adding data from surrounding areas it is possible to determine if the stress
tensor found for the James Island sub-area is consistent across domain II. Comparison
with clustering diagrams in Figure 48a, which contain data from the Trump Island subarea (Domain II) only, illustrates that the dominant Oi and 03 directions on Trump Island
are NE- and NW-trending, respectively, and subhorizontal with O = 0.4 - 0.6 (light blue
to light green). These directions are consistent with the NE- and NW-trending clusters
found in the combined dataset, James and Trump, shown in Figure 48b. The clustering
diagrams in Figure 48b reveal more scatter in both the Oi and 03 directions and the
presence of two distinct clustering groups in the 03 plot. Although the argument for the
clustering of the James Island al tensor in Figure 48b is not as convincing, an east-west
trending 03 cluster is clearly separate from the NW-SE Trump Island 03 cluster (Figures
47a and 48a, right diagrams).
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Figure 48: Equal area MIM stereoplots of stress tensor clusters from Trump Island
and James and Trump Islands, (a) Data from Trump Island only (N = 14). Note the
similarity in the location and stress ratio of the oi and 03 clusters with those for Trump
Island in (b). (b) The MIM applied to a combined dataset from domain II, James and
Trump Islands (N = 32). Two significant clusters are found representing different
stress tensors for each area. Both tensors have stress ratios of approximately 0.4 - 0.6.
Dashed oval: James Island. Dotted oval: Trump Island. Stereoplots created using
MIM ofYamaji(2006).
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Two other areas were examined in domain II to determine if the stress tensor for
strike-slip structures would remain coherent across the domain. A clustering plot for
southern Blakely Island is shown in Figure 49a. The densest clusters plotted for oi and
03 are similar in orientation to average P and T axes from the same area (Figure 45a).
However, common to both the Oi and 03 clusters are a range of colors that represent stress
ratios of approximately 0.5 - 0.8 (tensional range). Also note the groups of orange 03
points in the SE quadrant, which approximate the pole of a great circle, that fit through
the orange, tensional points plotted in the left-hand oi diagram (Figure 49a).
The stress tensor data from Decatur Island are considerably more scattered in
orientation than other nearby areas. Two possible orientations of oi are apparent in
Figure 49b, however, the clusters are weakly defined. Both Oi clusters are steeply
plunging with stress ratios of approximately 0.6 (light green) and 0.9 (dark orange) and
correspond with north-trending 03 clusters. Similar to the pattern found in the Blakely
Island data, a NNE-trending cluster of tensional (orange) points in the 03 diagram are the
pole to a great circle that fits through the orange points in the left-hand, Oi diagram
(Figure 49b).
Interpretation
For the most part, the MIM agrees with the average strain directions calculated
using the P-T method. The MIM also provides additional information on the state of
stress compatible with a dataset and the ability to detect multiple stress tensors. Data
from James Island (Figure 47) are found to be consistent with N-S shortening and E-W
extension in a strike-slip environment. Some variability in the stress ratio suggests that
the relative values of cj and 03 were changing. No consistency is found in the stress
tensor orientation between areas in domain II. Combination of the James and Trump
Island data yields two strike-slip stress orientations (Figure 48b). None of the oi and 03
orientations from Decatur Island (Figure 49b) are compatible with strike-slip faults in
their present orientation and suggest that this group of faults is more compatible with
vertical shortening and horizontal extension. The NNE 03 cluster is compatible with N-S
trending T axes calculated for normal faults in the Decatur Island area (Figure 40).
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rvi
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rvj

Figure 49: Equal area MIM stereoplots of stress tensor clusters from Blakely and
Decatur Islands, (a) Two clusters of differing stress ratio are apparent in the data from
Blakely Island, domain II (N = 10). The green and yellow clusters circled in bold are oi
and 03 tensor orientations corresponding to a stress ratio of 0.5 - 0.8. A second 03 cluster
(orange-red, dashed oval) is associated with tensional stress (0.8 - 1.0) and is the
approximate pole to the great circle in the left diagram. The red-orange points that fall
along this great circle are also tensional with stress ratios of 0.8 - 1.0. (b) Strike-slip data
(N = 12) from Decatur Island, domain II do not produce distinct clusters associated with a
strike-slip stress tensor. A 03 cluster with tensional stress ratio (orange-red point, dashed
oval) approximates the pole to the great circle shown in the left diagram. Orange-red
points fitting along the great circle have stress ratios of 0.8 - 1.0. Stereoplots created
using MIM of Yamaji (2006).
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Analysis of strike-slip faults from Blakely Island (Figure 49a) suggests that these faults
were created under the influence of two stress fields: 1) ENE-trending Oi and SSEtrending 03 consistent with strike-slip faults and 2) SE-trending 03 that is compatible with
SE-trending extension axes calculated for normal faults in the Blakely Island area (Figure
40).
Interpretation of the MIM analysis suggests several mechanisms for scatter in the
domain II strike-slip data. Possibilities for the difference in stress orientation between
James and Trump Islands include small scale, post-faulting internal rotation or folding of
the rocks, different stresses, or the influence of a terrane bounding fault on Trump Island.
It is also found that some datasets are compatible with a range of stress ratios or two
distinct stress tensors with different stress ratios. In particular, faults consistent with the
extension stage appear to have been inadvertently assigned to the strike-slip fault stage.
Variability of the stress ratio may be a sign of the mixing of structures of incorrect
relative age. The MIM would be a useful tool for future studies to apply to several stages
of faults in the San Juan Islands to determine if structures of different type are active at
the same time. It may also be possible to use the MIM to quantify the amount of rotation
of the stress tensor between smaller sub-areas in each larger fold domain.

Vein Mineralogy and Pressure - Temperature Conditions
A key characteristic to understanding the deformational history of an area is to
determine the depth at which deformation was active. In addition to structural
differences, the OF and FC have contrasting pressure-temperature histories. Estimation
of the pressure-temperature conditions at the time each structural stage was active
constrains which structures were associated with deformation at depth within an
accretionary wedge and which structures may have formed higher in the crust or during
or after uplift of the HP-LT terranes. Active fluid flow within both terranes has filled
fractures and many fault surfaces with vein material.
X-ray diffraction (XRD) was used to identify aragonite in carbonate veins
kinematically associated with late-stage brittle structures. Twenty-eight powdered
carbonate vein samples were analyzed for the presence of aragonite and other common
vein forming minerals using XRD. Aragonite is the focus of the XRD analysis as the
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formation of aragonite will only occur at high pressure - low temperature conditions
(Carlson and Rosenfeld, 1981; Spear, 1993). Interpretation of diffraction peaks, and
sampling and laboratory methods are discussed in Appendix D. XRD results of the most
common minerals identified in the vein samples are organized by terrane and structure
type and are shown in Table 2. Quartz and/or calcite are the most abundant minerals
within veins of the FC, OF, and melange. Other minerals identified include aragonite and
minor amounts of prehnite and plagioclase. Aragonite was found in one reverse fault and
several extensional structures in the OF terrane and melange units and was not restricted
to a particular rock type (Figure 50). HP-LT minerals were not found in the two
carbonate strike-slip structures sampled. Aragonite and other HP-LT minerals were not
found in the FC, although there are few samples and veins are generally scarce.
Earlier work identified high-pressure - low-temperature minerals in fabric and
veins of San Juan Island rocks that allow estimates to be made of the metamorphic
conditions at the time of formation of brittle structures (Brandon et al., 1988; Gillaspy,
2005; Glassley et al., 1976; Maekawa and Brovra, 1991). Coexisting prehnite, lawsonite,
aragonite, and quartz were interpreted to be stable in rock samples from several locations
in the San Juan Islands by Glassley et al. (1976) as well as in veins that crosscut the
regional SMT cleavage and in deformed veins overprinted by the regional cleavage
(Brandon et al., 1988; Maekawa and Brown, 1991). The formation of aragonite and its
association with lawsonite will only occur at relatively high pressures of at least 5
kilobars (Spear, 1993). Formation of prehnite at considerably lower pressures than the
aragonite stability field is supported by Frey et al.(1991). Preservation of aragonite
without subsequent inversion to calcite requires relatively low metamorphic temperatures
and rapid uplift (Carlson and Rosenfeld, 1981). From these observations, Brandon et al.
(1988) proposed a pressure-temperature path (generalized for the entire SJTS) shown in
grey in Figure 51 with maximum peak metamorphic temperatures of 150 - 200°C and
pressures of approximately 4.5 - 5.0 kb based on the stable formation of aragonite and
lawsonite and apparent coexistence of prehnite (Figure 51 “prhl” field, peak T limited by
eqn. 10). These pressure-temperature conditions correspond to an approximate depth of
formation of 18 - 20 kilometers and are interpreted to have occurred after major thrusting
within the San Juan Island thrust stack (Brandon et al., 1988).
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Table 2. X-ray diffraction results.
Terrane

FC

Melange

OF

Structure’
Shear
Vex
Vex
Vex
Normal
Normal
Left SS
Left-SS
Def in
fabric
Def. in
fabric
Normal
Normal
Reverse
Reverse
Reverse
Reverse
Vex
Vex
Vex
Vex
Vex
Normal
Normal
Normal
Normal
Normal
Normal
Right SS

Sample
ID'
JaF2-817
Ja-2
JaC-817
JaFl-817
De5-430
Ja-1
Ja-4
TrJl-816

Location
James F
James B
James C
James F
Decatur B
James B
James C
Trump J

Quartz^
X
X
X
X
X
X
X
X

Calcite
X
X
X
X
X
X
X

Lul-225''

Lummi A

m

X

Lul-225a'*
BL2-803
Lu2-225
Cel-614
CeB2-4
Del-430
Or5-424"
Ce2-615
Ce3-615
CyC
De2-430
Orl-423
CeA2-3
Cy3
Cy8
ObC-1
ObC-2
Tr2-429
Or3-423

Lummi A
Blakely H
Lummi A
Center A
Center B
Decatur A
Orcas F
Center B
Center B
Cypress H
Decatur A
Orcas F
Center A
Cypress F
Cypress B
Obstruction C
Obstruction C
Trump B
Orcas F

X
X
X
X
X
X
X
X
m
X
X
X
X
X
m
X
X

X
X
X
X
X
X
X
m
X
m
X
X
X
X
X
X
X
X
X

Aragonite

X
X

X
X

X
m

m
X
X

* Reverse/Normal/Right and Left SS refer to faults. Shear and Vex refer to shear or extension veins,
respectively.
t Bold numbers indicate aragonite as a major component, italicized numbers indicate aragonite as a
minor component.
§ X = major component, m = minor component.
# Contains prehnite.
tt Contains plagioclase.
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Location of aragonite-bearing vein and
associated structure (R = reverse fault,
N = normal fault. Vex = extension vein)

Figure 50: Location of aragonite-bearing veins and their associated structure type.
Other symbols as in Figures 2 and 3. Map and geology modified from Brown and
Dragovich (2003); Burmester et al. (2000); Garver (1988b); Vance (1975).
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TEMPERATURE
Figure 51: Pressure-temperature paths for the OF and FC based on XRD data and data from
Brandon (1988), Gillaspy (2005), and Schermer et al. (2007). Previous estimates of the pressuretemperature path are from Brandon et al. (1988) (grey solid line) and Schermer et al. (2007) (grey
dashed line). The shaded areas indicate constraints on pressure and temperature in the LSC from
Schermer et al. (2007). Preliminary fluid inclusion data from Gillaspy (2005) suggests that
aqueous inclusions were trapped at low temperatures and low pressures (dashed thin line). XRD
data constrain peak conditions in reverse and normal faults within the OF terrane to above
reactions 1 or 1' consistent with the upper shaded area. Formation of strike-slip faults in the OF
are assumed to occur in the lower shaded area or the prh2 zone as proposed by Schermer et al.
(2007). The lack of aragonite in the FC suggests much lower pressures during formation of
normal and strike-slip faults (black line). The decompression path for the FC is unconstrained by
this study but is assumed to lie between the P-T paths proposed by Brandon et al. (1988) and
Gillaspy (2005). See text for discussion on earlier P-T paths and prhl/prh2 stability fields.
Abbreviations used: arg: aragonite; cal: calcite; Iws: lawsonite; prh: prehnite. Mineral
abbreviations in equations 2 - 10 as in Frey et al. (1991). Equations from 1: Boettcher and Wyllie
(1968) and Crawford and Hoersch (1972); T: Redfem et al. (1989); 2: Newton and Smith (1967);
3-8: Frey et al. (1991); 9-10: Perkins et al. (1980). Figure modified from Schermer et al. (2007).
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Schermer et al. (2007) suggest that several problems exist with the conclusion that
aragonite and prehnite were formed in the same stability field. First, the coexistence of
the assemblage aragonite + prehnite requires that the prehnite stability field be expanded
to include higher pressures as reaction 9 limits the formation of prehnite to below the
aragonite - calcite transition (Frey et al., 1991; Spear, 1993) (Figure 51). Secondly,
earlier studies were unable to prove that aragonite, not calcite, was the stable phase with
prehnite. Gillaspy (2005) and Schermer et al. (2007) found aragonite in veins associated
with their early strike-slip, thrust, and extensional phases of brittle faulting in the Lopez
Structural Complex (formation within the upper shaded area. Figure 51). Only one vein
of eight strike-slip structures sampled by Gillaspy (2005) contained aragonite and may
have formed near the aragonite-calcite transition or the aragonite in these samples has
reverted to calcite during uplift (lower shaded area. Figure 51). Thrust, normal, and
strike-slip faults from the LSC crosscut the regional cleavage and are interpreted to be
approximately coeval with reverse faults, extensional structures, and strike-slip faults in
the central San Juan Islands. Thin section analysis by Gillaspy (2005) found that prehnite
in late stage brittle structures does not coexist with aragonite but occurs as later
overgrowths indicating formation after pressures dropped below the aragonite stability
field (prh2 field in Figure 51). The formation of prehnite at lower pressures suggest that
temperatures were at most 300°C and were likely closer to 200°C based on the
preservation of aragonite in these rocks. A revised pressure-temperature path, shown as
the light-grey, dashed line in Figure 51, was proposed based on these data (Schermer et
al., 2007).
The X-ray diffraction results suggest that reverse faults and extensional structures
in the OF terrane and extensional structures in the melange were active at near peak
metamorphic conditions of ~5 kb and 200-300°C (Figure 51, upper shaded area). The
textural habit of prehnite in the OF and melange is unknown in the present study,
therefore, the uplift path for the OF terrane is interpreted to fall along or between the
pressure-temperature paths proposed by earlier workers (Brandon et al., 1988; Gillaspy,
2005; Schermer et al., 2007) (Figure 51, grey and dashed paths). Garver (1988b) stated
that the Obstruction Formation does not contain evidence for HP-LT metamorphism and
concluded that this unit was not involved in HP-LT metamorphism and was juxtaposed
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with other terranes of the SJTS after they were brought to higher structural levels.
Structures within the Obstruction Formation were found to contain aragonite and C.
Blake (2005, written commun.) identified metamorphic lawsonite. Preservation of
aragonite indicates that the Obstruction Formation was brought to depth with the other
units of the OF terrane. The absence of aragonite in rocks and veins of the FC, noted by
earlier workers and in the central San Juan Islands, suggests that the FC did not reach the
same depth of burial as the OF or melange units (Brandon et ah, 1988; Brown, 1977;
Garver, 1988b). Additionally, FC XRD samples did not test positive for prehnite or
lawsonite. An alternate pressure-temperature path for the FC is shown in Figure 51
(black solid curve) and suggests that the FC did not reach pressures high enough for
aragonite or lawsonite growth or temperatures high enough for late growth of prehnite.
The significance of the presence of aragonite in extensional structures within the
melange unit indicates that part or all of the melange reached similar depths to the OF
terrane. The melange, however, is interpreted to separate the OF terrane from the FC
which does not contain the imprint of HP-LT metamorphism. The presence of aragonite
indicates that the melange may have been a continuous structure that extended from deep
crustal levels to shallower levels, above the calcite-aragonite transition, where it cut
through the FC. Normal motion likely brought the OF and melange to higher structural
levels during or after the extensional phase of brittle deformation. Alternatively, blocks
that contain the imprint of HP-LT mineralogy may have been incorporated into the
melange during uplift and subsequent deformation. The role of the melange will be
discussed further in Section IV.
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IV - DISCUSSION
Kinematic analysis of structures in the central San Juan Islands suggests that the
OF and FC terranes were affected by folding and several stages of brittle faulting and
veining. Some of the deformation took place deep enough in the crust to form HP-LT
minerals consistent with formation inside an accretionary wedge in a subduction zone.
Kilometer-scale melange zones separate rocks of the OF from the FC and were also
observed to contain meter-scale faults, the kinematics of which are different than those
observed in the adjacent terranes. The structures measured within the OF, FC, and
melange are in general small-scale and are interpreted to be related to intra-wedge
deformation and not to large-scale displacement of the terranes in the San Juan Islands.
Scatter of kinematics and structural inconsistencies require discussion. Possible
mechanisms for scatter will be examined including evaluation of the assumptions of
kinematic analysis, stress perturbations, and reorientation as a result of post-faulting F2
folding. The kinematic history of the central San Juan Islands is compared to
surrounding areas to link the deformational histories over the area from the eastern San
Juan Islands to the LSC. Discussion of the melange and extensional uplift will address
the juxtaposition of the high-pressure ocean floor terrane with the low-temperature
Fidalgo Complex.

Sources of Scatter
Evaluation of Kinematic Assumptions
Scattered and inconsistent fault-slip data and kinematic directions suggest that the
assumptions inherent to the calculation of stress and strain directions must be
reevaluated. Many faults measured in the field area contain evidence for multiple
directions and senses of slip and some strike-slip faults have subparallel orientations but
opposite sense of slip. Therefore, two of the basie assumptions of the determination of
stress from fault-slip data may be suspect: 1) the assumption of a homogeneous stress
field where a group of faults is responding to a single stress orientation, and 2) the
assumption of independent slip in which faults are not mechanically interacting.
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Additionally, variation in the magnitude of the stress tensor and local stress perturbations
as a result of nearby structures is discussed.
Basic assumptions of strain analysis
Initial analysis of fault-slip data collected in the central San Juan Islands is based
on the calculation of strain axes. Similar to the inverse method of stress analysis, several
assumptions are inherent to the calculation of P and T axes. An assumption of plane
strain, or no change in the direction of one of the principal axes (P), is implicit in the
construction of P and T axes as they are representations of the infinitesimal shortening
and extension directions. The finite strain of a region will be represented by the
orientation of P and T axes only if faulting displays scale invariance or the strain is small
or coaxial (Marrett and Allmendinger, 1990). Marrett and Allmendinger (1990)
concluded that scale invariance is valid for most datasets; however, all of the structures
measured in the central San Juan Islands are meter-scale and therefore, the assumption of
scale invariance does not need to be tested unless comparison to larger, terrane bounding
faults is made. Meter-scale faults suggest small amounts of strain so that P and T axes
may represent the finite strain of an area; however, evidence in the OF terrane for non
coaxial strain includes en echelon and sigmoidal gash fractures (Gillaspy, 2005; Lamb,
2000). P and T axes will coincide with the principal stress directions, as compared with
the principal stress directions calculated using the multiple inverse method in Section III,
if the measured fault planes are planes of maximum shear stress (Marrett and
Allmendinger, 1990). However, slip on planes of maximum shear stress may be unlikely
in anisotropic rocks, as slip may instead occur on preexisting weaknesses as observed in
the LSC by Gillaspy (2005). The construction of P and T axes provides a visual
representation of the kinematics of the original fault-slip data with the same assumptions
as for stress inversion techniques.
Heterogeneous stress fields
The assumption of homogeneous stress is complicated by the existence of
inhomogeneities and strength anisotropies within rock masses. Changes in the strength
properties or the addition of defects to a rock body will affect the stress conditions at
different points within the body. Earlier faults, cleavage, joints and compositional
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layering contribute to the heterogeneity of a rock body and are likely responsible for the
variety of structures that are typically found in a region (Bott, 1959; Ramsay and Lisle,
2000). Additionally, the mechanical properties of rocks vary as a result of their lithology
and any preferred orientations of fabrics and grains present may result in a directional
dependence within the rock unit (Ramsay and Lisle, 2000). Differences in the
anisotropy of adjacent rock units may cause strain to concentrate in one rock unit versus
another. The variety of possible weaknesses in a rock body makes the assumption of a
homogeneous stress field somewhat restrictive. However, at a large enough scale an
approximately homogeneous state of stress is assumed (Ramsay and Lisle, 2000).
Knowledge of the stresses that act on the boundaries of a study area would help to
determine the pattern of deformation likely to occur within the rock unit.
Heterogeneous mechanical properties of rocks of the San Juan Islands have likely
influenced the pattern of faulting at the scale that structures were measured. In
comparison to a large fault which may extend through many rock units, the structures
measured in the OF/FC are small in scale and will respond to local changes in the
mechanical properties of the rocks that they deform. Variation in lithology is typical at
the island scale and several different rock types can occur on a single island.
Competency contrasts between different lithologies and preexisting layering is likely
responsible for some of the scatter found in the kinematics of faults and veins. Therefore,
at the island scale, the assumption of homogeneous stress may not be applicable.
Mixed kinematics (non-coeval faults)
In areas that have experienced multiple episodes of deformation it is essential to
determine the timing of the structures that are measured. In comparison to the LSC
(Gillaspy, 2005), crosscutting relationships in the central San Juan Islands are less
abundant. As a result, the mixture of structures from different deformation stages or
stress regimes will introduce scatter in the interpreted P and T axes. On eastern Guemes
Island, Lamb (2000) isolated a group of faults with oblique reverse and normal sense that
are not kinematically compatible with her reverse, normal, or strike-slip stages of
faulting. Further complication of the brittle structure sequence comes from the existence
of deformation events that predate the reverse faulting stage (Table 3)
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(Carroll, 1980; Garver, 1988b; Gillaspy, 2005; Lamb and Schermer, 2003; Schermer et
al., 2007). For example, Gillaspy (2005) recognized an early, pre-thrusting, strike-slip
stage and also early layer-parallel slip in coarse-grained lithologies.
Preliminary results from stress modeling of strike-slip faults in Section III suggest
that intermixing of structures from other stages is likely. Stress tensors and stress ratios
calculated for the strike-slip stage of faulting indicate that some structures included in the
strike-slip stage were likely activated during the earlier, extensional stage of faulting
(Figure 49a, b). In some areas (e.g. N Decatur Island), under the assumption that a
principal stress is vertical as found for reverse and normal faults, the stress tensor
determined from interpreted strike-slip faults is found to be unfavorable for neoformed
strike-slip faults. Without clear evidence for the relative age of structures, it is difficult to
determine to what stage incompatible faults belong.
Variation of the regional stress tensor
The calculation of stress and strain axes from fault-slip data assumes that the
dataset was created under the influence of one stress tensor. Rotation of the principal
stresses or a change in the magnitude will affect the type of faulting produced and the slip
direction on those structures. Angelier (1994) found that by varying the stress ratio (i.e.
from O = 0 (ct2 = 03) to 1 (oi = 02)) and keeping the orientation of the principal stresses
the same, the slip vector will change orientation. Dip-slip reverse and normal faults will
become more oblique; oblique slip faults will become down-dip; and oblique strike-slip
faults will change sense (e.g. from reverse-dextral to reverse-sinistral).
Results from stress modeling of strike-slip faults show variation in the orientation
and magnitude of the principal stress directions. Some groups of strike-slip faults show
evidence indicating that they were formed when the orientation of the principal stress
directions were more conducive to the formation of normal faults (e.g. Figure 49b).
Additionally, most of the stress models show a range in the value of O which may have
had an effect on the orientation of the slip vector. If a change in the magnitude of O
occurred during normal faulting, it would be possible for faults with oblique or shallow
rakes to form. Without clear knowledge of the relative age of the fault, oblique or
shallowly raking faults formed during the normal fault stage might have been mistakenly
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grouped with the later strike-slip fault stage. Variation in the magnitude of the principal
stresses may also explain the abundance of oblique-slip faults recorded in the eastern San
Juan Islands. If 02 and 03 are close in magnitude, extension may be accommodated in a
wider range of orientation, as material will tend to extend in a plane perpendicular to ai.
Areas where extension is more confined to a single direction may indicate a stress ratio
where 02 and 03 are not close in magnitude, in effect, focusing the extension in the
direction of 03. Finally, Marrett and Allmendinger (1990) observed that typical
slickenline orientations in their field studies often varied by 10-20° on a single fault.
Multiple orientations of slip along a fault surface may record variation in the magnitude
of the principal stresses.
Alteration of the local stress field can significantly change the orientation of a
group of faults. A recent study by Maerten et al. (2002), in an area of approximately 10
km^, found that the development of smaller faults (between 30-250m of displacement)
that range widely in orientation (faults range in strike up to 80°) was the result of stress
perturbation related to nearby larger faults (>250m displacement). Their conclusion is
based on numerical models that demonstrate that the elastic deformation around nearby
large faults produces weaknesses that coincide with observed smaller scale faults. The
varied orientation of smaller faults was controlled by the local change in the stress field
around the larger structures and not by successive tectonic events. These authors
postulate that stress perturbations are also applicable around faults of much smaller scale.
The study by Maerten et al. (2002) supports the possibility that large scale structures in
the San Juan Islands such as the melange and the LSC may disturb the local stress field
and influence the orientation of nearby smaller scale faults. Additionally, if strike-slip
structures from both James and Trump Islands are of similar timing, the difference in
orientation of the principal stresses in each area indicates that a possible nearby larger
structure could be influencing the stress orientation on Trump Island. An alternative
possibility, that regional folds caused reorientation of strike-slip structures, is discussed
below.
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Reactivation and interaction of faults
Evidence for reactivation is widespread among faults measured in the OF, FC,
and melange. Normal faults are the most commonly observed fault type that contains
interpreted later, strike-slip slickenlines. Typically, normal faults dip more steeply than
would be expected for a neoformed normal fault, indicating the possible rotation of the
normal fault set before or during strike-slip faulting. Reverse faults, typically steeply
dipping, are also observed to contain later subhorizontal slickenlines but less commonly
than normal faults. The lack of evidence for reactivated reverse faults is probably a
function of sampling bias, instead of a difference in mechanics, as reverse faults were less
numerous in both the OF and FC terranes. Other preexisting weaknesses such as bedding
and cleavage planes are likely candidates for reactivation, however, reactivation of these
surfaces was not observed. Reactivation of preexisting faults should not introduce scatter
into the kinematics of the dataset, as slip along the reactivated structure will be
kinematically compatible with the stress tensor at the time of slip. The orientations of
faults, however, will show a wide range.
Significant potential exists for the interaction of faults in areas affected by
multiple episodes of deformation. Faults commonly intersect in linked systems, so that
geometrical and mechanical interaction will likely occur, the effect of which will perturb
the local stress field up to a distance of approximately twice the fault depth (in the downdip direction) (Angelier, 1994; Pollard and Saltzer, 1993). Experimental observations
and numerical models suggest that the discrepancy caused by the.interaction of closelyspaced faults violates the Wallace-Bott hypothesis that slip is parallel to the direction of
maximum shear stress (Dupin et al., 1993; Pollard and Saltzer, 1993). Modeling of
mechanically interacting faults by Pollard and Saltzer (1993) indicates deviations
between the direction of maximum shear stress and the slip direction of ~ 11 ° for areas
with low spatial density of faults (approx, spacing between faults > fault depth) and 15 40° for areas with high spatial densities (approx, spacing between faults « fault depth).
Faults measured in the central San Juan Islands occur at high spatial density as their
spacing (< 10 m) is close relative to their depth (assumed « 10m). Although it is
impossible to detect the mechanical interaction of faults from the kinematics of fault-slip
data, results from models of fault interaction show that the effect may be great and thus
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the Wallace-Bott hypothesis may not be a valid assumption for at least the later stages of
faulting in the central San Juan Islands.
Mechanisms of Reorientation
Scattered kinematics or inconsistent structures are typical for each fault stage in
the central San Juan Islands and indicate the possibility for later reorientation. Various
mechanisms, discussed above, are possibilities for creating heterogeneous stress across
space and time, but most of these properties cannot be tested using fault-slip data. The
following will focus on the evidence and mechanisms for reorientation of the rocks
containing the structures and a comparison with similar local studies.
Evidence for reorientation within the FC/OF terranes
F2 folding

Confidence ellipses calculated in Section III for reverse and normal fault strain
axes suggest that the reverse and normal fault groups are well clustered; however,
average strain directions are variable and were tested for scatter by later F2 folding by
applying a tilt correction to P, T, and B-axes. Fault-slip data from domains I, II, and III
were combined to form two datasets. One dataset contains all reverse faults; the other
dataset contains all normal faults. Strain axes were calculated for each dataset at an
assumed theta angle of 45°. Confidence ellipses for in situ reverse and normal fault
strain axes are shown in Figures 31 and 39. Using the computer program di tilt (Tauxe,
1998), SI and reverse and normal fault strain axes were corrected for the plunge of a
calculated F2 fold axis of 117, 22 followed by restoration of the residual tilt (i.e.,
unfolding) of SI to horizontal (Figure 52 and 53). The resultant horizontal SI surface is
an artifact of the plunge correction and does not imply the original horizontality of this
surface. After application of the tilt correction, confidence ellipse semi-angle values
increase and indicate that the tilt correction did not reduce the dispersion of strain axes
for either reverse or normal faults (Figures 31, 39, 52, 53). Therefore, SI is interpreted to
have been in its present orientation during reverse and normal faulting, thus indicating
that faulting is post-F2 folding. The inclination of T (reverse) and P (normal) away from
their expected subvertical position is not necessarily a failure of the fold test, but
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□ P-axes

Confidence ellipses

P-T Data

Eigenvector
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T

Tr,Pl
000.5, 2.9
268.2, 37.0
094.3, 52.8
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90.0
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33.4
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30.2
21.1

Figure 52: Equal area, lower hemisphere stereoplots of P, beta, and T axes (left) and
mean eigenvectors with 95% confidence ellipses (right) of all reverse faults in domains I,
II, and III after unfolding around the axis 117, 22. Ellipses defined as in Figure 31.
Dark ellipses around P and beta could not be drawn because the size of the ellipse semi
angle was greater than 90°. Confidence ellipses, eigenvectors, and tilt correction
calculated using plotams and di tilt programs of Tauxe (1998). Plotted with PlotXY
(Parker and Shure, 2008).
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Confidence ellipses

□ P-axes

O T-axes

A B-axes

Domain I, II, III
N=97, t=45
Tilt-corrected
P
B
T

Tr, PI
077.9,55.8
259.3,34.2
168.8,0.6

Angle
13.5
33.9
33.9

Angle
10.5
13.3
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Figure 53: Equal area, lower hemisphere stereoplots of P, beta, and T axes (left) and
mean eigenvectors with 95% confidence ellipses (right) of combined normal faults in
domains I, II, and III after unfolding around the axis 117, 22. Ellipses defined in Figure
31. Confidence ellipses, eigenvectors, and tilt correction calculated using plotams and
di_tilt programs of Tauxe (1998). Plotted with PlotXY (Parker and Shure, 2008).
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indicates that horizontal SI is not a reasonable reference plane for kinematic analysis
(Figures 52 and 53).
A second, more robust, approach to test for folding is commonly used in
paleomagnetic studies and is called the bootstrap fold test (Tauxe and Watson, 1994).
The bootstrap fold test allows the comparison of the distributions of kinematic axes in
their present day orientation and after rotation to a common SI attitude (i.e., unfolding
the F2 synform). The statistical bootstrap randomly selects para-datasets of the same size
as the input data, allowing for replacement, and calculates the maximum eigenvalue
across a range of tilt corrections (Tauxe and Watson, 1994). The maximum eigenvalue is
used as a measure of concentration of the dataset (i.e., the degree of fit). 1000 paradatasets are created and the maximum eigenvalue is calculated for each para-dataset for
corrections from -20% to 120% of the SI attitude (e.g., 0% would correspond to present
day orientation. 100% would correspond to fully restoring SI to a plane.)
The bootstrap fold test was applied to reverse fault T axes and correction of the
F2 fold axis of 117, 22. Results for 20 para-datasets are plotted as dashed lines in Figure
54 along with the original data (solid curve) and show how the maximum eigenvalue
changes across different values of correction. The highest eigenvalues are found for
corrections ranging from -5% to 20% (Figure 54). Eigenvalues decrease (i.e., the data
become more disperse) the closer SI is restored to a planar surface. The effect of the
increase in dispersion on the dataset is shown on the equal area stereoplots at the top of
Figure 54. The original dataset is displayed at corrections of 0% (left plot, geographic)
and 100% (right plot, after unfolding). Lastly, a histogram (solid stepped line) depicts
the location of the correction with the highest concentration of maximum eigenvalues
(Figure 54). Eigenvalue maxima occur between -10% and 0% unfolding; 95% of the
para-datasets have maxima between -30% and 14% untilting (Figure 54). In both plotted
depictions of the eigenvalue, the dispersion of the data is found to increase with
additional correction of SI away from present day orientation. In agreement with the
simplified tilt correction performed earlier, F2 folding is found to have been before
faulting.

98

Geographic

100% Tilt adjusted

% Untilting

Figure 54: Fold test of reverse fault T axes from domains I, II, and III. See text for
details of the bootstrap technique. Equal area, lower hemisphere stereoplots at the top
show T axes before (0%; left plot) and after (100%; right plot) tilting of SI to horizontal.
The eigenvalue is lower (~0.63) for the right side plot than it is (-0.77) for the data at 0%
correction in the left plot. Lower graph: Eigenvalue (t^) and fraction of eigenvalue
maxima are plotted versus correction amount (% untilting). Curved lines correspond to
the left axis and are the results of the original data (solid) and 20 para-datasets (dashed)
showing the change in eigenvalue with untilting. The solid stepped line is a histogram
that depicts the concentration of maximum eigenvalues (right axis, fraction of total data)
and the corresponding correction with the highest concentration of maximum
eigenvalues. Calculated and plotted using the programs foldtest (Tauxe, 1998) and
PlotXY (Parker and Shure, 2008).
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Evidence for reorientation from paleomagnetic directions

A paleomagnetic study by Burmester et al. (2000) found that paleomagnetic
directions in the OF and FC terranes are scattered (Figure 55). Burmester et al. (2000)
interpreted remagnetization to be after or caused by regional metamorphism and SMT
formation in the San Juan Islands during the Cretaceous normal superchron (118-83 Ma).
Burmester et al. (2000) concluded that fluids were a catalyst for remagnetization, as
preservation of aragonite in the OF terrane precludes the occurrence of high temperatures
in this terrane. Upward inclinations recorded in the FC (Figure 55) may be remnant
magnetizations recorded earlier during a reversed magnetic field. The abundance of lowpermeability/low-porosity igneous rocks and the lack of HP-LT mineralogy and SMT
fabric in the FC may explain the ability of earlier magnetizations to persist (Burmester et
al., 2000).
Burmester et al. (2000) attempted to restore the dissimilarity between observed
and expected paleomagnetic direction through geologically reasonable reconstructions.
Various paths were attempted to return present paleomagnetic directions to expected, all
based on extremes of the Baja BC controversy (Housen and Beck, 1999; Irving et al.,
1996). Each of the models reconstructed data from SE Lummi Island, Obstruction Island,
and within the ESC, where magnetizations were interpreted to be coherent. Model 1: The
terranes were assembled, remagnetized, and reoriented in their present position. A tilt
correction was applied using the minimum amount of rotation required to restore the
paleomagnetic directions to K-is (Abbreviations K-is, K-bjbc, and Nanaimo refer to the
reference directions for the San Juan Islands, Baja California, and Nanaimo Group
calculated from a 124 - 88 Ma pole. See Burmester et al. (2000) for details.) Model 2:
The difference between observed and predicted (K-bjbc) paleomagnetic directions was
the result of clockwise rotation during accretion and orogen-parallel transport. A
vertical-axis rotation was applied to restore changes in latitudinal location. Model 3: A
combination of tilt during accretion and clockwise rotation during transport were restored
using the methods of models 1 and 2 (Kx-bjbc and Nanaimo) (Burmester et al., 2000).
These authors found that, depending on the model, the restoration of paleomagnetic
directions improved the clustering of either cleavage, fold axes, or stretching lineations.
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48° 30'N

48° 45'N

122° 45'W

Figure 55: Map of the eastern San Juan Islands showing scattered paleomagnetic
directions in present day coordinates. Steep downward inclinations are shown with short,
fat arrows; upward inclinations are shown with outline only. K-is: direction expected for
San Juan Islands for 124-88 Ma pole. K-bjbc: direction expected for Baja California
(124-88 Ma pole). Island abbreviations as in Figure 2. Some arrows and declinations
represent the average of more than one measurement. Modified from Burmester et al.
(2000).
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but did not align all of the structures. A limited attempt at unfolding paleomagnetic
directions around SE-plunging folds using bedding orientations in the overlying
Chuckanut Formation on Lummi Island was able to restore scattered local paleomagnetic
directions to similar orientations (Burmester et al., 2000). Burmester et al. (2000) did not
attempt to unfold structural or paleomagnetic data on a broader scale.
Several factors were not included in reconstructions attempted by Burmester et al.
(2000) to restore paleomagnetic and structural directions. The timing of remagnetization
and F2 folding is unknown; therefore, paleomagnetic directions may need to be corrected
for F2 folding before the scatter can be resolved. Additionally, any reconstruction of
structural orientations in the OF and FC must take into account the ‘built-in’ scatter, as
discussed earlier, associated with the mechanics of the rocks and any changes in the
stress tensor. As a result of mechanical scatter incorporated with post-faulting
reorientation, a full reconstruction of structural attitudes may not be possible until the
processes responsible for scatter in the central and eastern San Juan Islands are more fully
understood.
Consistent kinematic directions for reverse and normal faults are found across the
eentral San Juan Islands, however, paleomagnetie directions are scattered and cannot be
unfolded simply (Burmester et al., 2000). Where paleomagnetic directions are consistent
in local orientation, such as within the LSC (Figure 55), kinematic directions are also
found to be consistent (Figures 56, 57, 58) (Gillaspy, 2005). However, the paleomagnetic
directions in the LSC are not oriented parallel to either the calculated K-is or K-bjbc
north indicating that remagnetization and reorientation took place before meter-scale
faulting.
No single reconstruction path attempted by Burmester et al. (2000) could fully
restore both paleomagnetic and structural orientations. From the three models proposed
above, a possibility for the tilting mechanism in models 1 and 3 is suggested to be SEdirected extension related to listric faulting during terrane juxtaposition of the OF and
FC. However, based on the tilt correction in model 1, Burmester et al. (2000) point out
that some FC rocks were remagnetized after interpreted down to the southeast normal
faulting, which indicates the possibility that remagnetization took place after fault
juxtaposition of the OF and FC thus, a different mechanism of reorientation is necessary.
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Figure 56: Study area showing average P axes values from reverse faults on equal area
plots and generalized shortening directions, shown as arrows, from Gillaspy (2005) and
Lamb (2000). Other symbols as in Figures 2, 3, 30. Map and geology modified from
Brown and Dragovich (2003); Burmester et al. (2000); Garver (1988b); Vance (1975).
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vein poles on equal area plots. Generalized extension directions, shown as arrows, from
Gillaspy (2005) and Lamb (2000). Other symbols as in Figures 2, 3, 40. Map and
geology modified from Brown and Dragovich (2003); Burmester et al. (2000); Garver
(1988b); Vance (1975).
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area plots and generalized extension directions, shown as arrows, from Gillaspy (2005)
and Lamb (2000). Other symbols as in Figures 2, 3, 46. Map and geology modified
from Brown and Dragovich (2003); Burmester et al. (2000); Carver (1988b); Vance
(1975).
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Restoration attempted by Burmester et al. (2000) in model 2 results in clustered fold axes
and AMS poles, but scattered cleavage orientations could only be explained if NWplunging F2 folding continued after cleavage formed and before remagnetization.
Mechanical properties of the rocks of the San Juan Islands and structural
reorientation have scattered meter-scale brittle structures. Plausible causes for scatter in
the central San Juan Islands include: 1) spatial and temporal variation in the regional and
local stress tensors; 2) mechanical interaction of closely spaced faults; 3) multiple
episodes of faulting. Without an accurate knowledge of the amount and timing of
reorientation in the OF and FC terranes, it is best to consider kinematic directions in
present day coordinates.

Brittle Structure Sequence
Structures measured in the central San Juan Islands are similar in geometry and
scale and are interpreted to be of the same relative age as brittle structures in the LSC and
eastern San Juan Islands studied by Gillaspy (2005) and Lamb (2000). A summary of
previous studies in the terranes east of the Buck Bay faults is provided in Table 3.
Gillaspy (2005) and Schermer et al. (2007) found a coherent sequence of early strike-slip
faults, reverse faults, normal faults and extension veining, followed by conjugate strikeslip faults in the LSC (Table 3). Reverse faults are subparallel to cleavage, and extension
directions calculated for normal faults, extension veins, and strike-slip faults are parallel
to each other and are subparallel to the strike of cleavage (Figures 56 and 57). A similar
sequence of brittle faults were observed in the OF terrane in the eastern San Juan Islands,
however, mixed and scattered kinematics are common (Lamb, 2000). Structural data
from the FC were eollected on Guemes Island by Lamb (2000) but her data are not
isolated from measurements made within the melange zone. In general, crosscutting
relationships in the melange and the FC are the same as observed in the OF terrane
elsewhere in her study. Lamb (2000) also found a population of faults in the Guemes
Island area that were not kinematically compatible and do not show consistent
crosscutting relationships with the other phases of brittle deformation. No deformation
earlier than the reverse fault stage was observed in the FC.
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Comparison of the kinematics from the central San Juan Islands with the
kinematics found in the LSC and the eastern San Juan Islands yields similarity in
kinematic orientations, but with local variation. Kinematic directions of brittle structures
from the central San Juan Islands are summarized in Figures 56, 57, and 58, along with
generalized kinematic directions in the LSC from Gillaspy (2005) and the eastern San
Juan Islands (Lamb, 2000). Excluding the melange zones, James Island sub-area, and the
Buck Bay fault area, the north-south orientation of reverse fault P axes is similar to the
orientation of P axes from reverse faults in the eastern San Juan Islands (Figure 56). In
the areas of James Island (Domain II) and Obstruction and SE Orcas Islands (Domain III)
reverse fault P axes are oriented more similar to those in the LSC. The orientations of
reverse fault P axes in domain IV are different from other areas and likely reflect rotation
of preexisting structures or that reverse faults near the Buck Bay fault are a different age.
Extension veins show a range in extension direction, but are dominantly NE-SW,
similar to the directions found on Watmough Head, Lopez Island and Jack and Samish
Islands in the eastern San Juan Islands (Figure 57). Poles to extension veins and normal
fault T axes are locally parallel, although in domains I and II the extension directions
from normal faults and extension veins are different (Figure 57). In proximity to the LSC
and the eastern San Juan Islands T axis directions in the study area are similar in
orientation, but consistent with the failed fold test there is no systematic rotation of T axis
orientations from domain I to domain III (Figure 57). The kinematics of extension veins
and normal faults from domain IV are significantly different than all other areas (Figure
57) . Extension directions calculated from normal faults and extension veins from within
the melange are different from nearby areas but are similarly oriented in each zone.
The extension directions calculated for strike-slip structures are variable (Figure
58) . As found in the LSC, normal and strike-slip fault extension directions are locally
parallel (e.g. Center and Obstruction Islands), although this relationship is not common in
the study area (Figures 57, 58). The initial kinematics of each structural stage may have
been more consistent across the region and across terrane boundaries; but, as discussed
above, many factors have influenced the formation and post-formation orientation of
structures observed in the central San Juan Islands.
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The Melange
Melange zones are observed to separate the FC from the OF on Cypress, Guemes,
and Lummi Islands and this suggests that the melange is a terrane boundary. Similar
terrane-bounding melange units occur in several areas along the Cordilleran margin.
Additionally, stratigraphic and chronologic correlation suggests similarity of the OF and
FC with the Franciscan terrane and Coast Range ophiolite in California (Brandon et al.,
1988; Garver, 1988a). In the California Coast Ranges, the Round Mountain melange
separates rocks of the Coast Range Ophiolite from Franciscan blueschists (Huot and
Maury, 2002; Jayko et al., 1987). The Round Mountain melange is interpreted to have
formed below the igneous rocks of the Coast Range Ophiolite in the overriding plate and
above the subducting slab and HP-LT Franciscan rocks (Jayko et al., 1987). The Round
Mountain melange is interpreted to be bounded on both sides by regional faults that
record multiple stages of movement. Jayko et al. (1987) suggest that serpentinite
melanges may provide a mechanism for the uplift of HP-LT blocks to higher structural
levels. A similar relationship is found in western Baja California, Mexico on San Benito,
Cedros, Magdalena, and Santa Margarita Islands and the Vizcaino Peninsula. Sedlock
(1996) described a 500 meter thick melange that separates upper plate island arc,
ophiolite, and volcanogenic strata from blueschist facies, ocean floor affinity basalts,
pillows, cherts, and turbidites that he correlated with the Franciscan Complex and Coast
Range ophiolite, and other rock units in California.
The Round Mountain and Baja melange are serpentinite-matrix melange with
blocks derived from the upper and lower plates (Huot and Maury, 2002; Sedlock, 1996).
High-grade blueschist blocks were found within the Baja melange, but were not observed
in the Round Mountain melange (Huot and Maury, 2002; Sedlock). A ‘unit’ of the
Round Mountain melange is described and photographed by Huot and Maury (2002) as
nearly devoid of schistosity, and consisting of poorly consolidated serpentinite that
contains heterogeneous blocks of igneous rock. Abundant slickensides exist within the
flakey serpentinite matrix and along the sides of blocks included within the matrix.
Highly sheared or mylonitized zones commonly separate the blocks from the serpentinite
matrix. Comparable features are common in the San Juan melange zones (see Section III
- Melange).
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Corresponding lithological and structural characteristics in the melanges
described above and the San Juan melange suggests formation through a similar tectonic
process. The Round Mountain melange is interpreted to have formed above a subduction
zone and beneath or adjacent to the crust that would become the Coast Range Ophiolite
(Huot and Maury, 2002; Jayko et ah, 1987). Dewatering above a subduction zone
provides a likely environment for the formation of serpentinized ultramafic rocks.
Coeval thrusting of the down-going oceanic slab with melange formation or later
juxtaposition of underplated oceanic rocks (e.g. Franciscan or OF terrane) and overlying
ophiolite rocks (Coast Range Ophiolite or FC) would provide a source for the chert,
basalt, and ultramafic blocks incorporated within the melange unit (Huot and Maury,
2002; Jayko et al., 1987).

The Role of Extensional Tectonics and the Uplift of HP-LT Terranes
Structural data collected in the central San Juan Islands provide evidence for a
protracted episode of extension within an accretionary wedge. The preservation of
aragonite in normal faults and extension veins suggests that extension was coeval with
ongoing subduction. Similarly, Schermer et al. (2007) conelude that extension in the
LSC occurred during subduction. These authors further conclude that extension was
margin-parallel based on the parallelism of extension axes with local cleavage which is
assumed to be originally parallel to the subduction zone. Bergh (2002) and Schermer et
al. (2007) concluded that oblique subduction would be consistent with their sequences of
deformation. Mechanisms that may initiate thinning in the forearc include: 1) a change
in wedge geometry through extensive thickening of the wedge as a result of prolonged
thrust faulting and accretion (Platt, 1986); and 2) initiation of a margin-parallel
component to the convergence vector as a result of rocks migrating along strike and
around a bend in the subduction margin (Ave Lallemant, 1996; Ave Lallemant and Guth,
1990). Persistent extension driven by oblique subduction and underplating within the
wedge is a likely mechanism for the uplift of HP-LT terranes (e.g. Platt, 1986).
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Evidence for Uplift via Extension in Other Studies
Uplift of HP-LT terranes and their juxtaposition with upper crustal rocks via large
scale extensional structures has been documented in Baja California, Mexico and the
Coast Ranges of California. Jayko et al. (1987) concluded that the juxtaposition of the
HP-LT Franciscan terrane with the Coast Range ophiolite was the result of low-angle
normal faulting and attenuation of the upper crust during uplift of the Franciscan terrane.
Their conclusion is based on earlier mapping that found consistent younger-over-older
stratigraphic relationships and omission of section, which suggests that previously
mapped thrusts were low-angle normal faults (Jayko et al., 1987). Similarly, consistent
with extensional processes, the SE-dipping stacking order in the SJTS from Brandon
(1988) is a sequence of nappes with a consistent younger over older progression.
Possible loss of section is suggested by the general absence of the ultramafic unit of the
FC adjacent to the melange on Guemes, Lummi, and Blakely Islands.
Extensional processes were interpreted by Sedlock (1988; 1996) in the
juxtaposition of a sequence of terranes in Baja California, Mexico that are similar in
lithology, metamorphic grade, and structure to the OF and FC terranes in the San Juan
Islands. In Baja California, lower-plate ocean floor affinity rocks are adjacent to lowgrade arc-ophiolite rocks in the upper plate via a fault-bounded melange zone. The
lower-plate structures in Baja California are similar to those found in the OF terrane in
the central San Juan Islands and include layer-parallel cleavage and isoclinal folds that
are crosseut by numerous reverse faults and later normal faults. Additionally, much like
the OF terrane in the San Juan Islands, the lower-plate oceanic rocks in Baja California
contain abundant quartz and carbonate veins (Sedlock, 1988, 1996). Comparison of the
Baja California terranes can also be made with the FC in the San Juan Islands. Similar to
the structural sequence in the FC, Sedlock (1988) observed numerous extensional
structures and little evidence for earlier compressional strain in the upper plate terrane in
Baja California. Syn-subduction extension was concluded by Sedlock (1996) as the
predominant mechanism for the uplift of HP-LT rocks based on the lack of
compressional strain in the upper plate and the observation of extensional structures in
the upper plate merging with the underlying melange faults. Unruh (2007) describes a

110

similar relationship where extensional structures in the Coast Range ophiolite merge with
the low-angle Coast Range fault and melange in the Coast Ranges of California.
Rare compressional structures and, most importantly, a lack of high-pressure
minerals within the FC suggests that juxtaposition with the OF is coeval with extensional
faulting. Aragonite identified in structures located within the melange zones suggests the
possibility that the melange was subducted. But the inclusion of blocks in the melange
from the OF is a more plausible explanation for the discovery of FIP-LT minerals
especially since the veins collected in the melange were disrupted. Therefore, it is not a
requirement for the entire zone of melange observed in the central and eastern San Juan
Islands to be subducted or formed at depth within an accretionary wedge. Even if part of
the melange formed at depth, its up-dip extent could have been below the aragonite
stability field. The preservation of HP-LT mineralogy in normal faults and extension
veins within the OF terrane precludes juxtaposition with the FC until after the reverse
stage and a period of extension and uplift (decompression) in the OF. Other possibilities
for the lack of compressional structures in the FC include coeval timing of extension in
the FC and compression in the OF. It is likely that the FC was much higher in the crust
than the OF, and possibly at a similar or higher structural level than the melange, during
subduction. Continuous underplating of terranes deep in the wedge may result in
shortening deep within the wedge while thickening of the wedge initiates extension
within terranes higher in the crust (Platt, 1986). Therefore, compressional structures
could form in the OF and melange coeval with the formation of extensional structures in
the FC. Later development of large detachment structures, as found in the Coast Ranges
and Baja California, would uplift the lower HP-LT rocks and melange to higher levels in
the crust where they would be affected by extension coeval with normal faulting and
extension veining in the FC.
Due to their small displacements, extensional structures measured in the study
area were not likely accountable for all the uplift of deep-seated rocks. Bulk extension of
the crust could be accommodated among many smaller faults but the kilometer-scale
displacement required to uplift HP-LT rocks necessitates a larger structure similar to the
listric normal or low-angle normal faults suggested by Platt (1986) and Jayko et al.
(1987). As previously mentioned, Mynatt (2002) interpreted the melange on Cypress
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Island to be associated with a south-dipping, possibly listric, normal fault. Extension
directions from normal faults, extension veins, and strike-slip faults calculated in the
melange and the Buck Bay fault area (Domain IV) are different in surrounding areas and
are approximately perpendicular to these structures (Figure 57). The smaller faults
measured in the melange and domain IV could be synthetic or antithetic to a larger, listric
normal fault related to uplift. Future work could concentrate on trying to identify large
uplift structures at the contacts of the OF/FC with the melange and on detailed mapping
of the Buck Bay fault.
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V - SUMMARY AND CONCLUSIONS
Structures measured in two accretionary terranes reveal a series of similar brittle
deformation events. A brittle structure sequence of reverse faults, extension veins, normal
faults, and strike-slip faults is found in the Ocean Floor, Fidalgo Complex, and melange
and is interpreted to be consistent with the sequence observed in the neighboring Lopez
Structural Complex to the west and the eastern San Juan Islands (Gillaspy, 2005; Lamb,
2000; Schermer et al., 2007). Brittle structures post-date the regional solution mass
transfer cleavage (SI) and FI and F2 folds in the Ocean Floor terrane. SI cleavage
attitudes vary across the field area and areas of consistent average SI strike are
designated as F2 domains that define a SE-plunging fold. Kinematic directions from
reverse faults, extension veins, and normal faults are relatively consistent within F2 fold
domains, but are not oriented the same as, and are not systemically rotated with respect
to, kinematic directions in the Lopez Structural Complex or the eastern San Juan Islands.
Reverse fault P axes in domains I - III average to a subhorizontal, north-northeast
direction (Figure 31). Extension calculated from extension veins shows a range in
orientation but averages to northeast-southwest across domains I - III (Figure 40).
Normal faults indicate extension that ranges in local orientation across domains I - III,
but extension averages to north-south (Figure 39, 40). Strike-slip faults are interpreted to
be the latest brittle structure, and commonly reactivate earlier structures, but kinematics
are scattered and inconsistently oriented faults are common (Figure 58).
Pervasive scatter of the kinematics in the Ocean Floor, Fidalgo Complex, and
melange indicates that any attempt at stress or strain analysis in regions characterized by
multiple episodes of deformation requires the reevaluation of the basic assumptions of
kinematic analysis. Multiple episodes of faulting were responsible for some of the
physical reorientation of structures in the Ocean Floor, Fidalgo Complex, and melange,
but cannot explain the scattered kinematics of faulting or the presence of inconsistent
structures. Investigation of possible sources of the scatter including the mechanical
properties of the rocks, the timing of faulting, variation in the properties of the stress
tensor, and the role of interacting faults suggests that homogeneous stress and
independent slip may not be valid assumptions in the study area. Preliminary stress
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modeling of strike-slip faults using the multiple inverse method of Yamaji (2000)
indicates variability in the magnitudes and orientation of the principal stresses and the
existence of kinematically incompatible data. The range in stress magnitude and the
resulting range in orientation of the slip vector are reflected in the abundance of oblique
slip faults measured in the central San Juan Islands. The limited availability of
crosscutting relationships makes the introduction of kinematically incompatible structures
during analysis possible and one of the most important explanations for scatter. Other
localized changes in the stress orientation are possible around large structures. In
comparison to nearby areas, the kinematic orientations from of all stages of faulting are
different near the Buck Bay fault and within the melange zones and may be of different
age or origin. Lastly, as a result of multiple episodes of closely-spaced faulting, the
assumption of non-interacting faults is not valid. The quantitative amount of deviation of
the slip vector from the maximum shear stress orientation is unknown, but the assumption
that slip is parallel to the maximum shear stress should not be overlooked in future
studies.
Scattered paleomagnetic data and the inability of Burmester et al. (2000) to
restore structural orientations to expected common orientations suggests that there is no
known common structural orientation to which structures in the Ocean Floor and Fidalgo
Complex could be restored. Full reconstruction of structural attitudes in the Ocean Floor
and Fidalgo Complex terranes is not likely possible without complete knowledge of what
mechanisms were responsible for the scatter of structural orientations and timing of
scatter, or knowledge of the original orientations of structures in the San Juan Islands.
Without more information about the orientation of a reference structure (e.g., bedding), it
is best to analyze kinematic directions in their present day coordinates. Although present
day coordinates may not be the best framework to analyze structures that were possibly
formed in another orientation, analysis of structures in their current orientation allows
direct comparison with earlier regional studies and the possibility for later reconstruction.
The combination of the dominance of extensional deformation in the Ocean Floor
and Fidalgo Complex terranes, a lack of evidence for compressional strain and HP-LT
metamorphic minerals in the Fidalgo Complex, and the regional younger-over-older
stratigraphic succession, are indicative of uplift of HP-LT rocks through extensional

114

processes. Preservation of aragonite in reverse faults and some extensional structures in
the Ocean Floor terrane constrains their formation to depths greater than 20 km and
temperatures of approximately 200°C indicating formation in the accretionary wedge of a
subduction zone. HP-LT minerals are not found in the Fidalgo Complex, signifying that
this terrane was not underplated within an accretionary wedge and was deformed in the
hanging wall above a subduction zone or was subducted and did not reach the depths
required for HP-LT mineral formation. Subsequent deformation related to the uplift of
the Ocean Floor terrane resulted in the incorporation of blocks with aragonite-bearing
structures in the melange zones. Possible large-scale extensional faults, analogous to the
Coast Range fault in California, include the Buck Bay fault and bounding faults related to
the melange zones.
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APPENDIX A: ISLAND MAPS
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Blakely Island
Bedding and Foliation

A

Strike and dip of undifferentiated bedding (*Garver, 1988b)
Strike and dip of SI foliation
Inferred faults (modified from Garver, 1988b)

□

OF Sedimentary Unit
Melange zone
James Island Formation (FC)
Igneous unit (FC)
Ultramafic unit (FC) (Location F only)

Figure Al: Bedrock map and detail of Blakely Island and field sites (A - J, Nl),
bedding and foliation. Quaternary deposits not shown. Geology from Brown and
Dragovich (2003); Garver (1988b); Vance (1975).
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Figure A2: Bedrock map of bedding, foliation and field sites (A - D) from Center Island.
Quaternary deposits not shown. Geology from Brown and Dragovich (2003); Garver
(1988b); Vance (1975).
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Cypress Island

A

Bedding and Foliation
o

45 Strike and dip of upright bedding
\ (*♦* from WADNR (2003))
45 Strike and dip of overturned bedding
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Strike and dip of undifferentiaetd bedding
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Lummi Formation (OF)
Greenstone Unit (OF)
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Ultramafic Unit (FC)

Figure A3: Bedrock map of bedding, foliation, and field sites (A - H) from Cypress
Island. Quaternary deposits not shown. Geology from Brown and Dragovich (2003);
Burmester et al. (2000); Vance (1975).
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Figure A4: Bedrock map of bedding, foliation, and field sites (A - E) from Decatur
Island. Quaternary deposits not shown. Geology from Brown and Dragovich (2003);
Burmester et al. (2000); Garver (1988b); Vance (1975).
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Figure A5: Bedrock map of bedding, foliation, and field sites (A -1) from James Island.
Quaternary deposits not shown. Geology from Brown and Dragovich (2003); Burmester
et al. (2000); Garver (1988b); Vance (1975).
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Figure A6: Bedrock map of bedding, foliation, and field sites (A - H) from Lopez
Island. Geology from Brown and Dragovich (2003); Burmester et al. (2000); Vance
(1975).
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Figure A7: Bedrock map of bedding, foliation, and field sites (A + B) from Lummi
Island. Geology from Brown and Dragovich (2003); Burmester et al. (2000); WADNR
(2003).
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Figure A8: Bedrock map of bedding, foliation, and field sites (A - F) from Obstruction
Island. Quaternary deposits not shown. Geology from Brown and Dragovich (2003);
Burmester et al. (2000); Garver (1988b); Vance (1975).
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Figure A9: Bedrock map of bedding and field sites (A -F) from SE Orcas Island.
Quaternary deposits not shown. Geology NW of the Buck Bay fault not shown.
Geology from Brown and Dragovich (2003); Burmester et al. (2000); Garver (1988b);
Vance (1975).
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Figure AlO: Bedrock map of FI fold axes, foliation, and field sites (A - F) from SE
Orcas Island. Quaternary deposits not shown. Geology NW of the Buck Bay fault not
shown. Geology from Brown and Dragovich (2003); Burmester et al. (2000); Garver
(1988b); Vance (1975).
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Trump Island
Bedding and Foliation

A

Strike and dip of undifferentiated bedding
Strike and dip of SI foliation
FI fold axes with plunge and vergence
James Island Formation (FC)
Lummi Formation (OF)
Greenstone Unit (OF)
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Figure All: Bedrock map of bedding, FI fold axes, foliation and field sites (A - K)
from Trump Island. Quaternary deposits not shown. Geology from Brown and
Dragovich (2003); Burmester et al. (2000); Vance (1975).
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APPENDIX B: DATA COLLECTION
Field Work
Field work was concentrated in the FC and OF terranes exposed on Blakely,
Center, Cypress, Decatur, James, Lopez, Lummi, Obstruction, SE Orcas, and Trump
Islands during 2004, 2005, and 2006 (Figure 3). On islands accessible by ferry,
transportation to field sites was by car and foot. The majority of islands, however, are
not accessible by ferry and were accessed from a base camp on Lopez Island with the
WWU Geology Department inflatable boat. Field sites were selected based on their
terrane affinity, rock type, and proximity to major structures or terrane boundaries with
an effort to distribute sites geographically and among the different lithologies of each
terreme.
At each field site the primary objective was to classify and measure post-fabric
brittle structures, determine their relative ages, and sample carbonate-bearing mineral
deposits associated with identified structures. First, where observed, fabric and bedding
attitudes were measured. In sedimentary lithologies stratigraphic facing direction could
often be determined using sedimentary structures such as graded bedding, flame
structures, and crossbedding. When folds were observed, the fold hinge or beddingcleavage intersections were measured to determine the fold axis, and bedding and
cleavage relationships and fold vergence were documented. Brittle structure orientations
were recorded and offsets of bedding, fabric, and older structures helped to determine age
relationships and fault sense. Slickensides and mineral fibers on the main fault or shear
plane were measured to constrain slip directions. Where offset was not observed, drag
folds and slickenside steps were helpful indicators of fault sense. Often, sense was
difficult to determine, especially in homogenous lithologies, such as basalts in the OF,
and in fault planes without substantial mineralization. In these cases, other techniques,
such as using secondary fractures as recognized by Petit (1987), were effective in
determining sense of motion. These small-scale shear fractures develop in association
with the main fault plane and can occur at a low angle (R or P shears) to the fault plane
where they show synthetic motion or a high-angle (R’) to the main movement plane
where motion is antithetic. En-echelon veins and fractures that show no movement can
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also form and will typically be inclined at 45° to the main fault plane. Basic
characteristics of extension vein arrays that were tabulated orientation, thickness and
extent, spacing, number, and basic mineralogy.
Classification of Structures
Structures were initially classified in the field into groups according to their
structure type and terrane affinity. These groups were further defined during analysis by
their relative age, fault sense, and slickenside rake. Although most of the faults measured
are oblique-slip with slickenside rakes between 10° and 80°, the majority of faults are
predominantly strike-slip with rakes < 30° or dip-slip with rakes > 60° (Figure Bl).
Therefore, normal and reverse faults are defined as having rakes greater than or equal to
45° while strike-slip faults have rakes less than 45°. This classification is consistent with
previous studies in the LSC (Gillaspy, 2005) and eastern San Juan Islands (Lamb, 2000).
Vein types were distinguished in the field based on classifications described in Ramsay
and Huber (1983) and van der Pluijm and Marshak (1997). Extension veins are
considered to have opened more or less normal to the vein walls. In the field, extension
veins typically contained blocky or euhedral crystals or fibrous veins that are roughly
perpendicular to vein walls.
Kinematic Analysis and Data Representation
Data are presented in lower hemisphere projection on equal area stereoplots using
the computer program TectonicsFP (TFP) 1.62 (Ortner et al., 2002; Reiter and Acs,
2004). Bedding and cleavage are represented by poles to planes. Eigenvectors were
calculated by TFP and were used to represent average vectors and to determine average
best-fit planes. Fault slip is represented by an arrow that shows the movement of the
hanging wall. Any error in measurement resulting in a slip vector not lying on a
measured fault plane is corrected by TFP prior to plotting or kinematic analysis.
Lineations are rotated into alignment with the fault plane along a great circle defined by
the lineation and the pole to the fault plane. Data contours in TFP are based on a
Gaussian distribution (k = 100) developed by Robin and Jowett (1986). Appropriate
contour intervals have been selected to accurately represent the spread in the data set.
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Small circles in plots of strain axes are centered on the strain axis mean vector and
represent a eone of 99% significance.
Principal strain axes were caleulated using TectoniesFP on faults with eomplete
kinematie information including fault orientation, slip direction and sense. P and T axes
are calculated for each fault by constructing a nodal plane 90° from the main fault plane
and a plane (movement plane) that intersects the main fault plane pole and the slip vector
(Figure B2). The intersection of the nodal plane and the main fault plane is defined as the
P-direction. The P and T axes, whieh must be 90° apart, will lie in the movement plane at
a defined angle theta (0) (Figure B2). Theta is defined in TFP as the angle between the
fault plane pole and the T axis and is equivalent to the angle of internal friction.
TectoniesFP allows the user to input the theta angle or the program will calculate the
best-fit theta angle for the dataset. The best-fit theta angle is calculated, for P and T, by
varying the theta angle stepwise between 10 and 85 degrees and displaying a plot of
clustering confidence (R%)'^ versus theta angle to help visualize the clustering for each
strain axis. Typically, the plot produces two eurves whose apices represent the theta with
the maximum clustering confidence (Figure B3). Numerical output shows this angle for
P and T and the resultant R%. The best-fit theta angle is the angle that maximizes the
equation: R%(P) * R%(T) (Figure B3). For very small datasets (N < 4), the best-fit
method tended to produee spurious results, therefore, 0 = 45° was used. A manually
input 0 = 45° was also used for datasets where P and T clustered at signifieantly different
theta angles. Once a theta angle is assigned, TFP uses the geometric construction
described above to calculate the P, T, and |3 axis for each fault and then displays the axes
on an equal area stereoplot. The plotted data can then be compared with other structures
of similar age and a kinematie interpretation can be formed.

'' The resultant length vector, R='Zvi =

The degree of preferred orientation,

1

llRl-n
R% = -fd---- 100 ; n = number of data; v; = vector
n
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Brittle Faults

Rake (degrees)
Figure Bl: Histogram of slickenside rake. Most faults have rakes < 30° or > 60°. Each
bin is 10°. The number at the top of the column corresponds to the number of faults in
each bin. The total of bins 0-30°, 30-60°, and 60-90° are shown across the top of the
graph.
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Figure B2: Graphical construction of P and T axes for a thrust/left-lateral and
normal/right-lateral fault. In the program TectonicsFP, theta is the angle between the
fault normal and the T axis. The P axis is 90° from the T axis. B is defined as the
intersection of the nodal plane and the fault plane and is the direction of no slip.
Examples modified from Marrett and Allmendinger (1990).

Best-fit
theta

Figure B3: Output from TectonicsFP when using calculated theta mode. In this data set:
maximum clustering of P axes (86%) occurs at 0 = 43°. At this theta angle, T axes
cluster at an R% = 71%. Maximum clustering of T axes (71%) is calculated at 9 = 48° at
which P axes cluster at 85%. In this case, the best-fit theta for the dataset (the maximum
value of Rp * Rt) is the same as the theta for P axes (Rp * Rj = .86 * .71 = .6106).
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APPENDIX C: SUPPLEMENTARY DATA
Additional data identified in the field as Quality 3 and faults without full
kinematic information were removed from the main analysis and are plotted below.
Planes of likely normal faults were determined based on normal slip sense and, similar
fault attitude and characteristics to nearby normal faults. The original fault-slip data from
this study are provided in an Excel spreadsheet included on the attached CD.
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Figure Cl: Equal area stereoplots of quality 3 normal faults (Np) and planes (Np) of
likely normal faults without full kinematic information, (a) Domain I. (b) Domain II.
(c) Domain III. (d) Domain III melange, (e) Domain VI melange. Solid great circle:
Q3 normal faults; Dashed great circles: planes without full kinematics. Symbols as in
Figure 27.
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Nll=11

Nrl = 7

I

Nrl = 2

Figure C2: Equal area stereoplots of quality 3 left (Nll)- and right-lateral (Nrl) strikeslip faults, (a) Domain 1. (b) Domain 11. (c) Domain III. (d) Dill melange, (e) DVI
melange. Symbols as in Figure 27.
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APPENDIX D: X-RAY DIFFRACTION METHODS
Sample Collection
Carbonate-bearing veins were collected from reverse, normal, and strike-slip
faults and from extension veins. An effort was made to collect samples that could be
positively associated with a particular kinematic episode and to avoid samples that were
deformed or showed evidence for reactivation. Typically, samples were continuous in
outcrop or along the fault plane, and contained slickenfibers or mineral fibers associated
with vein growth.
Laboratory Procedure
Vein samples were crushed and analyzed at Western Washington University.
Any wall rock associated with the sample was removed and the sample was first crushed
by hand. The sample was then transferred to a stainless steel grinding container with 'A”
steel grinding balls and pulverized to a fine powder in a Spex Mixer Mill for
approximately 1-2 minutes. Care was taken to process the samples for the shortest time
possible. Often, if most of the sample were crushed to a fine powder, any residual
chunks were removed and a final crushing was done by hand using a mortar and pestle.
Analysis was performed using a Rigaku Geigerflex diffractometer with copper target tube
and a graphite crystal monochromator. The diffractometer rotated through the 20 range
20-55° at approximately 2°/minute which covered the range of aragonite and most other
common vein forming minerals. Diffraction patterns were processed using the computer
software MDI DATASCAN and MDI JADE. JADE displays a plot of intensity (counts)
versus 20 (°) and will automatically label significant peaks with 20 angle, d-spacing, and
relative magnitude (%). Other peaks of interest can be selected and labeled manually
with this information. Mineral diffraction patterns were interpreted using d-spacings
provided in the Mineral Powder Diffraction File (Joint Committee on Powder Diffraction
Standards, 1980). Major peaks and their corresponding d-spacing were compared to
several common vein forming minerals: quartz, calcite, aragonite, feldspars, prehnite,
and chlorite. Table D1 lists the common d-spacing values for each of these minerals.
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Table Dl. Common vein forming minerals and diagnostic d-spacing values*.
Quartz

Aragonite

Calcite

Chlorite

Orthoclase

Prehnite

Plagioclase

4.26 (35)

4.212(2)

3.86(12)

3.343 (100)

3.396 (100)
3.273 (52)

3.035 (100)

8.34 (5)
5.28 (5)
3.54 (5)
3.39(40)
3.15 (15)

6.48(12)
5.86(12)
4.22 (70)
3.94(16)

4.03 (16, 100)
3.78 (25)
3.684 (20)

3.77 (80)

9.280 (14)
5.267 (25)
4.641 (30)
4.149 (7)
3.544 (45)

3.61 (16)

3.481 (90)

3.77 (80)

3.311 (60)
3.276 (40)

2.458 (12)
2.282(12)
2.237 (6)
2.128(9)
1.98 (6)
1.817(17)
1.801 (1)
1.672 (7)
1.659(3)
1.608 (1)
1.541 (15)

2.871 (4)
2.730 (9)
2.7 (46)
2.481 (33)
2.409(14)
2.372 (38)
2.341 (31)
2.328 (6)
2.188(11)
2.106 (23)
1.977 (65)

1.882 (32)
1.877 (25)
1.814(23)
1.759 (4)
1.742 (25)
1.728 (15)

2.845 (3)
2.495 (14)
2.285 (18)
1.927 (5)
1.913 (17)
1.875 (17)
1.626 (4)
1.604 (8)

2.853 (100)
2.770 (100)

2.628 (5)
2.306 (40)
2.181 (15)
2.046 (5)
1.96 (50)
1.910(25)
1.838 (50)
1.814(25)
1.772(10)
1.695 (10)
1.663 (15)
1.616(5)
1.530 (5)
1.494(10)
1.460(15)

3.61 (16)
3.54(12)
3.47 (45)
3.31 (100)

3.29 (60)
3.24 (20)
2.992 (50)
2.901 (30)
2.769 (20)
2.601 (18)
2.571 (30)
2.163 (25)
2.005(12)
1.801 (16)

3.196 (100)

3.079 (100)

2.811 (35)
2.630(15)
2.564 (70)
2.380 (10)
2.360 (35)
2.341 (18)
2.204 (5)
2.118(4)
2.072(12)
2.050 (4)
1.938(15)
1.850 (12)
1.772 (30)
1.700 (9)
1.660(11)

* Peak maxima shown in bold. Percent intensity in parentheses. (Joint Committee on Powder Diffraction
Standards, 1980)
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